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Abstract  
Following a Large Loss of Coolant Accident in a PWR, cooling is performed by 
superheated vapour with entrained droplets, which bounce from the hot metal without 
wetting it. This thesis describes experimental and modelling studies aimed at the 
evaluation of the direct cooling by these droplets. Droplet diameters are less than 
2 mm, they spend ~15 ms near the surface, extract ~1/5 J, cooling the metal by ~50 oC 
with heat fluxes of the order of MW/m2. An interface-tracking CFD code was used to 
model the droplet approach, the generation of vapour from its underside and its 
rebound or break-up, and to compute the transient cooling of the hot metal below the 
droplet. Validation of this model requires measurements of the heat transfer. A novel 
method to measure the transient surface temperature beneath the droplet is reported, 
using transient high resolution infra-red spectroscopy. Spatial and temporal 
resolutions of ~100 μm and ~4ms respectively are achieved, observing an opaque 
metallic layer from beneath through an infrared-transparent substrate. Post-processing 
via transient finite elements permits all thermal quantities (heat flux, energy, etc) to be 
determined. Associated simultaneous high speed optical recording of the droplet 
motion and deformation provided data for validation of the hydrodynamic aspect of 
the prediction. It is estimated that these methods allow the heat extracted by (for 
example) a 1.5 mm droplet during the 10 ms it spends in the vicinity of the hot surface 
to be obtained with an uncertainty of 15%. This heat extracted is approximately 
0.19 J, associated with a transient temperature reduction of ~47 oC, and is removed by 
a heat flux peaking at 3.5 MW/m2. Encouraging agreement was obtained between 
these measurements and the computational simulations. For this same case, the CFD 
analyses predict 0.12 J and a peak heat flux of 5 MW/m2. 
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Roman Symbols 
C Droplet concentration [kg of liquid m
-3] 
Ci Coefficient related to convection 
cp Specific heat capacity [J kg-1K-1] 
d signed distance to the interface between fluids 
D Droplet diameter [m] 
d32 Sauter mean diameter [m] 
Dh Flow channel diameter [m] 
Di Coefficient related to diffusion 
dp Vapour layer thickness  [m] 
F Speed at which ( )tΓ  propagates 
g Gravitational acceleration [m s-2] 
H Heaviside function 
h Height of droplet centre of gravity from the hot surface [m] 
Ij Total flux across a cell face 
k Turbulent kinetic energy 
kd Droplet deposition mass transfer coefficient [m s-1] 
lT Length scale [m] 
L Latent heat of vapourisation [J kg-1] 
m  Mass flux [kg m-2 s-1] 
N Deposition rate of droplet per area [kg m-2 s-1] 
nj Normal vector 
p Pressure [Pa] 
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q ''  Heat flux [W m-2] 
R Droplet radius [m] 
s Scalar quantity 
Sφ  Source term 
Sij Viscous stresses tensor 
T Temperature [oC or K] 
t Time [s] 
u Velocity [m s-1] 
U Transverse velocity [m s-1] 
u* Gas friction velocity [m s-1] 
V Droplet volume [m3] 
  
Greek Symbols 
Γ Moving closed hyper-surface 
δ Interface thickness [m]  
δp Thermal penetration depth [m]  
δ(φ ) Dirac delta function  
ε Rate of dissipation of the turbulent kinetic energy k  
θ Angle [o] 
κ Curvature [m-1] 
λ Thermal conductivity [W m-1K-1] 
μ Dynamic viscosity [kg m-1 s-1] 
ρ Density [kg m-3] 
σ Surface tension [kg s-2] 
τ Non-dimensional time 
τdrop Droplet-wall contact time [s] 
φ  Level Set function 
Φ Variable quantity in the transport equation 
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Subscripts 
b Droplet base (in the finite volume analysis b denotes bottom) 
c Centre 
d Deposition 
drop Droplet 
e East 
eff Effective 
i,j,k Coordinate indices 
max Maximum 
n North 
o Initial value reference 
ph Phase change 
s South 
t Top 
w Wall (in the finite volume analysis b denotes west) 
x,y,z Coordinate direction 
  
Superscripts 
a Superscript defined in text 
αth Thermal diffusivity [m2s-1] 
C Denotes convection 
D Denotes diffusion 
DC Denotes cross derivative diffusive flux 
DN Denotes normal derivative diffusive flux 
f Fluid 
g Gas 
gl Gas-liquid interface 
int Interface 
l Liquid 
s Solid 
sat Saturation 
sf Solid-fluid interface 
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Abbreviations and Non-Dimensional Numbers 
CCD Charged Coupled Device 
CFD Computational Fluid Dynamics 
CMFD Computational Multi-Fluid Dynamics 
CSF Continuum Surface Force 
DBA Design Basis Accident 
DNS Direct Numerical Simulation 
ECCS Emergency Core Cooling System 
IBM Immersed Boundary Method 
IFOV Instantaneous Field Of View 
IS Immersed Surface  
LBLOCA Large Break Loss Of Coolant Accident 
LES Large Eddy Simulation 
LOCA  Loss Of Coolant Accident 
LS Level Set method 
MAC Marker And Cell 
PDE Partial Differential Equation 
pdf Probability Density Function 
PID Proportional Integral Derivative 
PWR Pressurised Water Reactor 
RANS Reynolds Averaged Navier Stokes 
Re Reynolds Number 
RHS Right Hand Side 
SOLA Solution Algorithm 
VOF Volume Of Fluid Method 
We Weber Number 
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CHAPTER 1 
INTRODUCTION 
 
 
 
 
 
 
1.1 SCOPE OF THIS STUDY 
The purpose of this thesis is to present the results of a study of both the dynamic 
behaviour and the cooling effectiveness of droplets impinging on hot solid surfaces 
without the occurrence of wetting. This phenomenon has been studied experimentally, 
computationally and analytically. The motivation for this investigation results from 
the need to understand the processes taking place during the reflood phase after a 
hypothetical Large Break Loss of Coolant Accident (LBLOCA) in a Pressurised 
Water Reactor (PWR).  
In the case of a LBLOCA, the reactor core becomes uncovered and the fuel rods rise 
in temperature. At that point, the emergency core cooling system (ECCS) refills the 
bottom plenum and reflood of the core begins as the ECCS water starts to enter the 
core. The rewetting front proceeds slowly up the core and, above it, the steam 
generated at the rewetting front flows upwards through the hot part of the fuel. At the 
rewetting front, large lumps of water are detached and are broken up in the steam flow 
to form a dispersed droplet flow in the upper part of the core, where the fuel is hot. It 
is this droplet-laden stream of vapour that is believed to provide “precursory” cooling 
of the fuel rods, leading to a reduction in temperature at the rewetting front and a 
faster rewetting rate. The drops entrained in the vapour above the rewetting front aid 
the precursory cooling in two ways. Firstly, they act as heat sinks which, by 
evaporation, cool the vapour. Secondly, the droplets may impinge on the hot surface 
and even though they do not wet it the interaction may result in significant heat 
removal. It is this latter process which is the subject of the research described in this 
thesis. 
In the current chapter both nuclear safety and nuclear accidents (with an emphasis on 
Large Break Loss of Coolant Accidents) are discussed in order to set the general 
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context in which this study has been conducted. Then, the phenomenon of a single 
droplet interacting with a very hot solid wall is introduced and discussed briefly. The 
contents of the current study are then described and finally, an outline of the 
subsequent chapters is presented. 
1.2   NUCLEAR SAFETY AND POSTULATED ACCIDENTS  
1.2.1    Nuclear Power Safety  
The principal objective in ensuring acceptable safety of a nuclear power plant is to 
achieve the reliable operation of the power production system whilst minimizing to 
acceptable levels the number of accidents which occur. The safety case for a nuclear 
power generation system has to be made on the basis of models validated by smaller 
scale experiments. This approach is necessary because experimentation in full-scale 
conditions is quite impractical. Furthermore, accidents in nuclear power plants are 
very rare and the collection of data concerning the reasons behind those accidents is 
very difficult. Thus, safety cases have to be based on the specification of various 
accident scenarios and the investigation of these scenarios using modelling (usually 
employing computer codes validated, where feasible, against analytical models and 
experiments). The principal aims of the safety case are to demonstrate that integrity of 
the fuel is maintained (and in particular that fuel melting does not occur) and that (to 
prevent radioactivity release) the integrity of the reactor containment is maintained.  
There are several types of reactors and each type requires a different kind of defensive 
approach.  The most common and perhaps the most studied type of nuclear reactor is 
the Pressurised Water Reactor (PWR). In this reactor, the fuel rods are cooled, during 
normal operation, via the continuous flow of water from the bottom to the top of the 
core. The so-called Design-Basis Accident (DBA) for a PWR is the Large Break Loss 
Of Coolant Accident (LBLOCA) initiated by a (hypothetical) break in one of the inlet 
pipes (“cold legs”) leading to the reactor vessel. The design objective is to 
demonstrate that even under these circumstances the ECCS will prevent fuel 
temperatures exceeding specified limits. 
A Severe or Beyond-Basis Accident can occur if the reactor system experiences some 
kind of initiating event followed by multiple failures in its safety systems, such as in 
the ECCS. A severe accident may result in the release of significant amounts of 
radioactivity. In fact, a severe accident could be initiated by the aforementioned Loss 
Introduction 
 
31
 
of Coolant Accident which, when accompanied by a range of other system failures, 
could lead to rupture of the fuel cladding and finally fuel melting, core degradation 
and containment failure. The investigation of such a Severe Accident is beyond the 
scope of the present study which is focused on the DBA case. However, the present 
study is relevant to the Severe Accident case in so far as the occurrence of a DBA 
coupled with ECCS failure could lead to Severe Accident conditions.  
Though very extensive work has been done on LOCA, the limitations of such work 
should be born in mind. LOCA represents a coupled multiphase flow-heat transfer 
problem with all the possible multiphase flow and heat transfer regimes likely to 
occur. Detailed solution of this problem at a fundamental level is beyond the scope of 
even the most advanced computational methods. What is needed is to break the 
problem down into constituent elements and to address these separately. It is one such 
element (dispersed flow cooling of highly superheated surfaces) that is the subject of 
the work described in this thesis.  
1.2.2    Large Break LOCA, Core Reflooding and Dispersed Flow   
Three phases are to be distinguished in a large break LOCA. Those can be 
summarised as follows: The blow-down phase, which typically lasts around 10-12 s, 
the refill phase lasting approximately 20 s and finally the reflood phase which lasts 
one or two minutes. 
During the blow-down phase, which follows the pipe break, the primary coolant starts 
to escape from the cooling circuit and to depressurise. Approximately 2-3 s after the 
initiation of the accident the coolant pressure reaches a value below the saturation 
temperature corresponding to the reactor vessel fluid temperature. Below this 
pressure, steam begins to form in the vessel. Soon, the whole vessel is filled with 
steam.  This plainly means that the heat removal rate from the rods decreases with 
time and the fuel rod cladding temperature rises to very high levels. The reactor has, 
in the meantime, become subcritical due to the cessation of the chain reaction (due to 
the loss of the moderation effect of the water) and the thermal power has fallen to 
decay heat levels; perhaps 6% or so of the previous power. When the ejection of water 
and steam from the vessel causes the vessel to approach atmospheric pressure, the 
Emergency Core Cooling System (ECCS) starts to operate to feed water into the 
vessel. Entry of ECCS water into the vessel is inhibited by counter-current steam flow 
in the downcomer (i.e. the annular space around the core through which the water is 
 Introduction 
 
32 
normally introduced). Eventually, however, the refill is completed when the water 
level in the lower plenum reaches the bottom of the core.  
By the beginning of the reflood phase the cladding temperature has risen up to 500-
800 oC. If the cladding temperature rises to values (~800 oC) where the metal is very 
ductile, the net outward pressure may cause the cladding to expand radially, or 
balloon. The occurrence of ballooning would reduce the core coolant flow area and 
could impede the cooling of the upper part of the rods, perhaps leading to fuel 
melting. Fig.1.1 shows a conceptual diagram of the situation in the reflood phase.  
Reflood starts when water from the lower plenum enters the core and an upwards-
moving rewetting front is formed. Above this rewetting front, liquid is present in the 
form of a liquid core, swept upwards by the vapour flow, which breaks up in a 
complex way to form drops (Fig.1.1). Finally, the rewetting front reaches the top of 
the core and the reflood phase is complete.   
 
Fig.1.1. Schematic representation of the processes, flow regimes and heat transfer 
mechanisms apparent during the reflood phase (including clad ballooning). 
The focus of our study is the droplet impingement on the hot rods and the 
amount of heat that this droplet extracts (see detail with red square in figure). 
 
Cooling of the fuel by the droplet–steam (dispersed flow) mixture above the rewetting 
front (‘‘precursory cooling”) is vitally important in the reflood process. In this region, 
the conditions are characterised by flow of superheated vapour between even hotter 
metal surfaces, with a population of small droplets entrained in the vapour flow. The 
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upper part of the fuel rods is initially cooled by this steam-droplet mixture before the 
rewetting front arrives and quenches it.  
 
Fig.1.2. Schematic representation of the precursory cooling procedure during reflood.   
There is, of course radiation heat transfer between the metal, the droplets and 
the steam. 
 
 
During reflood, in the dispersed flow regime, six heat transfer paths can be identified 
between the superheated vapour, the entrained droplets and the hot metal fuel 
cladding. Five of these are the following: forced convection (metal-vapour, vapour-
droplets), radiation (metal-vapour, metal-droplets, vapour-droplets). The sixth heat 
transfer mechanism is the one analysed and discussed in the present thesis and it 
involves the heat from the wall to the droplets. 
However, the small entrained droplets, apart from cooling the vapour, via evaporation, 
also impinge on the hot cladding extracting some heat directly (Fig.1.2). Whilst it 
seems likely that the heat so extracted is rather less than that extracted by convection 
to the vapour, it may nonetheless be important and measurement and modelling aimed 
at determining the amount of heat so extracted is the theme of this thesis. 
In the region of interest, the droplet sizes will be small; perhaps mostly in the range of 
0.1 to 1.0 mm, with outliers ranging from a few microns to a few millimetres. They 
are entrained in vapour, flowing at speeds in the region of 1 m/s, in sub-channels with 
hydraulic diameters of approximately 10 mm. Under these circumstances, their 
transverse velocities will be relatively small, tending to cause the droplets to “bounce” 
rather than to break up when they reach a metal surface. As they approach the surface, 
the rate of evaporation of liquid from the droplet face adjacent to the surface increases 
and this flow of vapour forms a cushion preventing contact between the liquid water 
and the metal.  
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The phenomenon of non-wetting droplets impinging on hot surfaces is of great 
interest to various industrial applications, other than the nuclear industry. In most of 
these applications, the solid surface temperatures are above the Leidenfrost 
temperature of the droplet liquid. 
Examples of such impacts include diesel fuel droplets contacting the cylinder wall, oil 
droplets impinging on turbine engines, sprinkler cooling in the iron- and steel-making 
or metal casting process, spray coating of the substrate and the liquid jet in gas–solid 
flow systems and fire protection systems. This phenomenon is also of great 
importance to current applications in chemical and petroleum processing, such as 
fluid catalytic cracking (FCC) where gas oil is injected from the nozzle at the bottom 
of the riser and the mist droplets formed from the spray contact high temperature 
fluidised catalyst particles. The droplets may splash, rebound or remain on the catalyst 
particle surface after the impact, and the gas oil is vaporized and cracked to lighter 
hydrocarbons. 
1.3 THE LEIDENFROST PHENOMENON  
When a liquid droplet impinges upon a very hot, solid surface, a vapour layer is 
immediately formed, so that direct contact is obstructed. As discovered by Leidenfrost 
(Leidenfrost (1966)), the thin layer of vapour, formed between the hot surface and the 
drop, sustains the drop and this is what prevents the direct contact with the substrate 
(Fig.1.3). Therefore, the surface cannot be wetted. The consequence of the absence of 
wetting is that the droplet behaves like a rubber ball and rebounds from the surface 
after a short contact time, by its elasticity due to surface tension. 
 
Fig.1.3. The Leidenfrost phenomenon. The droplet does not touch the wall. It rather 
stays in a close distance to it sustained there by the presence of a thin vapour 
layer. In this figure the case of a sessile droplet on a metal disk sustained at 
an above Leidenfrost temperature is presented.  
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For water at atmospheric pressure the Leidenfrost threshold is approximately 220oC. 
The Leidenfrost effect and the factors affecting the droplet behaviour and heat transfer 
mechanisms during such an interaction are described in more detail in the subsequent 
chapters. 
1.4 AN OVERVIEW OF THE PRESENT STUDY  
1.4.1   Analytical  
The first stage of the work is to employ the correlations already available in the 
literature, with certain modifications, to give an initial estimate of the amount of heat 
removed by such droplets during typical reflood conditions. These calculations are 
carried out in two stages. The first stage is to estimate the heat transferred during the 
rebound of a single droplet. This is achieved using a semi-empirical correlation for the 
droplet evaporation rate, augmented by other analytical correlations and by some CFD 
calculations of the droplet spreading with the aim of taking some account of the effect 
of the hydrodynamics of impingement on the heat transfer mechanism. Given then a 
tool to estimate the heat extracted by a single droplet, the second stage is to estimate 
the rate of droplet-surface interactions; this is achieved by applying existing 
correlations for droplet deposition rates. Finally, by using these two results, an 
estimate of the heat transferred by such droplets during the reflood stage in the 
dispersed flow regime is obtained. 
1.4.2  Experimental  
The experimental studies described in subsequent chapters not only provided accurate 
measurements of the heat transfer during the impingement of a non-wetting droplet on 
a surface whose temperature was higher than the  Leidenfrost value, but also served as 
a validation tool for the computational model. The experiments conducted involve the 
use of both a high speed optical camera and an infrared camera. The high speed 
optical camera is used for the observation of the droplet deformation and/or break-up 
on impingement. The infrared camera is used for the observation of the temperature 
field on an infrared transparent solid substrate (here a calcium fluoride disk) below the 
droplet at the area of interaction. This method provides us with very accurate spatial 
and temporal measurements of the temperature drop caused by a single droplet.  
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Data from the infrared camera is generated at each time-step in the form of a set of 
temperatures within the camera array, corresponding to individual locations on the 
surface of the calcium fluoride plate. ASCII text file versions of this data are 
downloaded into a PC using the camera proprietary software. Given (from 
thermocouples) a sufficient set of prior boundary temperatures a finite element steady 
state heat conduction analysis allows the initial internal disk temperatures to be 
computed. With these as initial conditions and with the time dependent boundary 
conditions measured by the infrared camera, knowledge of the disk thermal behaviour 
is complete. Solution of the properly-posed initial and boundary value transient 
problem, again via finite elements, allows the full disk thermal history to be found. 
This includes quantities such as transient surface heat flux and integral quantities such 
as spatially and temporally cumulative heat loss to the droplet. 
1.4.3  Computational   
A  Computational Multi-Fluid Dynamics (TransAT©) algorithm is employed for the 
simulation of the cases of droplets impinging on very hot solid substrates. The 
algorithm uses Level Set as the interface capturing method and both the Navier-
Stokes and the energy equations are solved. The computational domain consists of the 
liquid, the gas and the solid phases. A coupled multiphase flow-heat transfer analysis 
is performed for the whole domain and quantities such as the temperature drop due to 
the droplet impingement, the droplet evaporation rate, the heat flux from the wall and 
the overall amount of heat extracted by such a droplet during a certain period of time 
are computed. The model is validated using our experimental results. Additionally, 
the droplet dynamics simulation capability (spreading, recoiling and bouncing off) 
including droplet break up is also validated against both our experimental work and 
previous pieces of work. Finally, a computational tool for the simulation of cases 
beyond experimental reach is developed. 
1.5 THESIS OUTLINE 
In Chapter 2, an extensive literature review on single droplet-hot walls interactions is 
presented. Chapter 3 describes analytical studies leading to estimates of the heat 
extracted by non-wetting droplets during reflood; this work begins with an analytical 
study of the heat extracted by a single droplet which is then combined with estimates 
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of the impingement rate to give the required value for the heat extraction rate. In 
Chapter 4, the high speed photography studies of droplet impingement on a hot 
surface are described and, in Chapter 5, experimental investigations of the heat 
transfer effectiveness of a single non-wetting droplet using infrared thermography are 
presented. In Chapter 6, the computational model (both mathematical formulation and 
numerical algorithm) used for this study is described in detail. The results from the 
computations (including validation of the numerical model) are presented in Chapter 
7.  Finally, Chapter 8 summarises the conclusions from the studies and discusses 
future work. 
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CHAPTER 2 
LITERATURE REVIEW 
 
 
 
 
 
 
2.1 INTRODUCTION 
When a droplet impinges upon a hot solid surface, heat is transferred from the solid to 
the liquid phase. If the heat transfer rate is large enough during the impact, liquid 
vapourised from the droplet forms a vapour layer between liquid and solid preventing 
direct contact of the droplet with the surface. This phenomenon was first discussed by 
Leidenfrost (1966) and therefore this behaviour is known as the Leidenfrost 
phenomenon.  A crucial parameter in quantifying this phenomenon is the Leidenfrost 
temperature and a variety of definitions have been used for this. These include:  
• The temperature at which the heat transfer rate to the droplet is a minimum 
and the evaporation time of the droplet becomes a maximum. 
• The temperature at which the vapour generation rate under the droplet is just 
sufficient to maintain a stable vapour film and to prevent contact between the 
droplet and the hot surface.  
• The maximum temperature at which the liquid phase can exist. This 
temperature is a thermodynamic property of the liquid and can be determined 
from the spinoidal line or from the kinetic theory of bubble nucleation in 
liquids. Contact between a liquid and a solid surface at a temperature greater 
than this value is physically impossible. 
These definitions can give different values. In the work described here, only cases in 
which the droplet is separated from the surface by a vapour layer are considered. 
Thus, the second of the above definitions is the most appropriate. Moreover, it should 
be born in mind that, in the present study, we are concerned with cases where there is 
a finite velocity of approach to the surface, whilst the Leidenfrost temperature is 
defined for a stationary droplet.  
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Both the hydrodynamic and the thermal behaviour of the droplet during the 
interaction can be affected by several parameters. These include the temperature of 
the hot wall and the temperature and the velocity of the droplet (Fig.2.1). For wall 
temperatures near saturation, the droplet will not bounce from the surface but will 
remain in contact with it and evaporate. On the other hand, when the surface 
temperature is high enough, the droplet will not make contact with the surface and 
may bounce off. Moreover, if the droplet travels at high velocity, the probability of 
early break up of the droplet is high.  Here, we focus in the range of parameters where 
the droplet does not remain in contact with the wall and bounces off.  
 
Fig.2.1. Cause and effect diagram analysing the phenomenon of the rebounding 
droplet 
 
Most of the work conducted in the field of non-wetting droplets has been 
experimental. Experiments about droplets impinging on hot surfaces and bouncing off 
have been a topic of intense scientific interest in the mid-sixties and early seventies 
with some further experimental work in the first half of the nineties. In recent years, 
experiments on impinging droplets have started again, this time with sophisticated, 
modern devices for measurements and visualisation. It is impressive how the 
evolution of experimental equipment has provided engineers with the capability to 
extend the number of measured parameters as well as to improve accuracy and 
precision. However, the very early experiments, dating back to the 1960’s have 
always been used as benchmarking examples as well as a means of providing a 
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reliable database from which one can develop the basic concepts about droplets 
impacting on very hot surfaces. These concepts are shown diagrammatically in 
Fig.2.1.  
Several analytical models have been developed through the years in order to describe 
mathematically the phenomena taking place during such interactions. Many models 
describing the heat transfer mechanism from the droplet to the vapour layer 
underneath it, the hydrodynamic behaviour of the vapour layer flow, the mass transfer 
mechanism or the evaporation rate of the droplet as well as the vapour layer thickness 
are encountered in the literature. 
In recent years, and arising from the evolution of powerful digital computers, it has 
become increasingly feasible to use computational methods to predict droplet 
behaviour. These computational models were initially quite simplified but, more 
recently, very complex numerical simulations have been conducted taking into 
account most of the parameters known to affect the behaviour of an impinging 
droplet. This provides a visualisation of the very small scale events occurring and 
makes possible predictions within a smaller range of uncertainty. 
In what follows, Section 2.2 summarises the previous experimental work, Section 2.3 
the computational work and Section 2.4 the analytical droplet impact models. 
2.2 EXPERIMENTAL WORK  
In the following summary of the experimental studies, Section 2.2.1 describes the 
various classifications of droplet impact patterns and Section 2.2.2 discusses the 
influence of the various system parameters on the interaction process.  
2.2.1    Impact pattern classification 
Droplets exhibit different behaviour upon impact on a hot, dry surface, depending on 
the roughness of the surface, the droplet velocity, the temperature of the surface and 
all the other parameters displayed in Fig.2.1. According to Rioboo et al. (2001), there 
are six possible impact scenarios of a droplet impacting on a hot wall (Fig.2.2). 
Several parameters were examined in the experiments performed by Rioboo et al. 
(2001). By increasing or reducing the values of those parameters, each of the patterns 
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seen in Fig.2.2 could be obtained; from complete wetting of the surface to dry contact 
(complete rebound).  
 
 
Fig.2.2. Single droplet impact on dry hot wall patterns, (Rioboo et al. 2001) 
  
Wang et al. (2005) observed that for high Weber numbers, dry impact takes place for 
a surface temperature much lower than the Leidenfrost temperature defined on a 
thermodynamic basis. Here, the Weber number is defined as:  
 
 We
2u Dρ
σ=  (2.1) 
 
 where σ is the surface tension, ρ is the liquid density, D is the drop diameter and u is 
the approach velocity).  Wang et al. (2005) observed that the total evaporation time of 
ethanol droplets exhibited only a slight variation with increasing surface temperature. 
They used two different materials (aluminium with ±1.6 μm surface roughness and 
quartz glass with ±0.008 μm surface roughness). They found that material roughness 
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did not seem to play an important role during the impact process; however, it did 
affect the final deposition area, resulting in a larger area for the quartz glass. Wang et 
al (2005) categorised the impact patterns into the following five types:  
• Completely wet impact: surface temperature below boiling point 
• Wet boiling impact: micro bubbles released from the droplet-plate interface, surface 
temperature above boiling point 
• Transition impact: increasing temperature, bounce is possible, still wetting the 
surface 
• Dry rebound impact: formation of vapour film between the droplet and the solid 
surface, direct contact obstructed, no bubbles observed, bounce off 
• Dry satellite rebound impact: Same as the dry rebound impact case with the 
difference that during the impingement a satellite droplet is formed due to higher 
velocity.  
The occurrence of a given pattern depended on the hot plate temperature and the 
Weber number. As seen above (Fig.2.2), although there have been different 
classifications concerning the droplet impact with solid surfaces patterns, there are 
certain conditions under which the droplet rebounds from the solid surface due to the 
presence of a thin vapour film (Fig.2.3). 
 (a)  
(b)  
Fig.2.3. Sequence of an ethanol droplet (a) dry rebound impact pattern (D=550 μm, 
Re=189, We=8.65, Tw=130 oC) and (b) satellite dry rebound impact pattern 
(D=550 μm, Re=189, We=188.3, Tw=130 oC), (Wang et al. (2005)) 
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2.2.2    Experimental studies of drop-hot wall interaction  
A wide range of experimental studies have been reported in the literature and, here, 
we classify this work in terms of the effects of the primary system parameters - 
droplet diameter (Section 2.2.2.1), droplet velocity and angle of impaction (Section 
2.2.2.2), surface roughness and ambient temperature (Section 2.2.2.3), surface 
temperature and droplet subcooling (Section 2.2.2.4) – and in terms of studies of the 
transient heat transfer during impact (Section 2.2.2.5).  
2.2.2.1 Droplet diameter 
Many pieces of experimental work reveal a direct connection between the initial 
droplet diameter and the behavior of the droplet during and after its collision with the 
wall. The effect of droplet diameter is often coupled to that of impact velocity using 
the Weber number. The various influences of droplet diameter are shown 
schematically in Fig.2.4. There is a strong interconnection between the various 
effects; however, they are mentioned here separately for simplicity. 
 
 
Fig.2.4.Phenomena affected by the droplet diameter 
 
In a very early study, Pedersen (1970) showed that small and larger droplets exhibit 
the same cooling ability for the same temperature of the solid surface; this has been 
confirmed by Makino and Michiyoshi (1984). Yao and Choi (1987) found that the 
heat transfer effectiveness (defined as the ratio of the actual heat transfer due to the 
effect of impinging droplets to the total heat transfer which is required for complete 
evaporation of the liquid droplets) was 18 and 12 % respectively for large and small 
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drops for all the range of wall temperatures studied, indicating that the influence of 
droplet diameter was small. However, Xiong and Yuen (1991), found for fuel droplets 
impinging on a hot surface that the heat transfer seems to be larger for smaller 
droplets. When water droplets were used, heat transfer increased with increasing 
droplet diameter. In the same study, it was confirmed that smaller droplets spend less 
time in the vicinity of the hot surface.  
Wachters et al. (1966), who studied experimentally the interaction of a hot surface and 
a mist flow of very small droplets (20-200μm), found that the vapour layer below the 
small droplets was about 1μm thick and that beneath the larger droplets it was 
approximately 10μm. Gottfried et al. (1966) showed that the Leidenfrost temperature 
is a function of the size of the droplet and Biance et al. (2003) showed that, for large 
droplets, the vapour layer can became very unstable. Hatta et al. (1994) found out that 
the residence time of droplets on the surface varied with droplet size and was in good 
agreement with the first-order vibration period of freely oscillating drops as already 
shown by Wachters and Westerling (1966). 
At lower surface temperatures the base radius of a droplet impinging on a hot solid 
surface seems to be independent of the initial droplet size. However, at higher surface 
temperatures,  droplets exhibit the tendency to have a larger period of contact as well 
as larger base diameter when the initial droplet diameter is larger (Makino and 
Michiyoshi (1984)). Biance et al. (2006) observed experimentally that there is a 
critical value for the diameter of a droplet above which it is not likely that the droplet 
will bounce off after the impact. They also showed that the restitution coefficient e (e 
= velocity after the impact/velocity before the impact) and therefore the height of 
rebound depend on the droplet diameter.  
The results of Biance et al. (2006), although mainly focused on hydrophobic surfaces, 
agree with an earlier study of Anders et al. (1993) who examined the behaviour of 
ethanol droplets (size range 91-207μm) when they impinge on a hot surface at an 
angle and not vertically.  Defining a coefficient of restitution in terms of the ratio of 
velocities normal to the surface before and after impact, Anders et al. (1993) found 
that larger droplets have a smaller restitution coefficient than smaller ones. Anders et 
al. (1993) found that the horizontal velocity component does not play an important 
role in the progress of the phenomenon when large angles of impaction are 
considered. Ko and Chung (1996) have confirmed this observation by showing that in 
a perpendicular impact of a droplet of a given velocity onto a hot surface, the rebound 
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velocity (the velocity of the droplet after it spreads, recoils and bounces off) decreased 
linearly with increasing droplet diameter.  
2.2.2.2 Droplet velocity and angle of impaction 
Extensive research work has been conducted on the effect of the droplet velocity on 
the droplet impact process. The effect of velocity has been studied in conjunction with 
the diameter and the angle of impingement effects since these parameters are 
inherently connected. 
Wachters and Westerling (1966), conducted experiments with droplets impinging on a 
30o inclined surface and showed that the component of velocity parallel to the wall 
did not change significantly during the impact. The normal component of the velocity 
seemed to characterise the behavior of the droplet. By defining a Weber number in 
terms of this normal velocity, Wachters and Westerling (1966) classified the droplet 
behaviour on impact as follows:   
• We > 80:   disintegration during the initial part of the impact 
• 30 < We < 80: disintegration after the droplet begins to rise 
• We < 30: no disintegration 
Wachters and Westerling (1966) describe studies of the impact of a drop of 2.3 mm 
diameter. They found that the residence time on the hot surface decreased with 
increasing velocity and that larger impact velocity results in thicker vapour layer. 
Pedersen (1970)  found that, in the non-wetting state, there is a minimum velocity 
below which the droplets deform considerably without break-up upon impingement. 
Pedersen (1970) also showed that the approach velocity has a significant influence on 
heat transfer; when the approach velocity increases then heat transfer increases. This 
indicates that in the non-wetting regime, velocity is a very important parameter 
affecting the heat transfer.  
Yao and Cai (1988) showed experimentally that, for large angles of impingement, the 
critical Weber number was found to be around 50, i.e. rather lower than the values 
obtained by Wachters and Westerling (1966). This, however, did not seem to hold for 
small impingement angles. Then, the critical Weber number was demonstrated to be 
in the range of 20-30. Above these values, disintegration of the droplets was observed.  
Anders et al. (1993) studied the effect of variation of velocity on the collision process 
using ethanol droplets. They examined several droplet diameters (91-207 μm) with a 
wall temperature of 280 oC, compared to the Leidenfrost temperature for ethanol, 
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defined on a thermodynamic basis (see Section 2.1) of 78.5 oC. The temperature of the 
droplets was 25oC and the angle of approach was approximately 45o. As seen in 
Fig.2.5 keeping all other conditions of the experiment the same and altering the 
velocity of approach of the stream of droplets, changes the rebound behaviour. For a 
low Weber number the droplet simply rebounds; at a higher Weber number the 
consistent formation of a small secondary droplet is observed. 
 
a)        b)         c)  
Fig.2.5. Wall collisions of ethanol droplets with initial diameters of 140 μm. Wall 
temperature at 280oC. a) u=3.0 m/s, b) u=5.3 m/s c) u=6.0 m/s, (Anders et al. 
(1993))   
 
Hatta et al. (1994) obtained a value for the critical Weber number for droplet break-up 
of 50, Again, this value is clearly lower than that obtained by Wachters and 
Westerling (1966). Ko and Chung (1996) revealed that the break-up probability 
increases with increasing velocity shown in Fig.2.6.  
Kang and Lee (2000) have studied the effect of the impact angle on the droplet impact 
behaviour. They found that when the angle of impaction was 30o then behaviour 
similar to that of a normal impact was observed with more disintegration of the 
droplet being present. When the impact angle was changed to 60o no disintegration 
was observed due to lower impact momentum in the normal direction. By increasing 
the velocity, a satellite droplet has started being apparent.  
The effect of droplet initial velocity on the different stages of the droplet-hot wall 
impact process was studied by Moita and Moreira (2002). They found that low 
velocity droplets move periodically, spreading and recoiling without splash or break-
up. On the other hand, droplets with initial large velocity spread almost without 
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recoiling and the droplet breaks-up to form smaller droplets during the first phase of 
the impingement process. 
 
Fig.2.6. Effect of impinging velocity and droplet size on droplet break-up (θ=90o) 
(Ko and Chung (1996))  
 
Inertial forces overcome surface tension and shear forces for a longer period when 
velocity is larger. At high impact velocities, the wetted area is larger and the energy 
dissipated against progression of the liquid film on the surface is larger. Biance et al. 
(2006) supported the findings of Moita and Moreira (2002) and demonstrated  the 
dependence of the base radius (spreading factor) on the Weber number (based on the 
normal velocity component). They also proposed the following correlation, where R is 
the radius of the impacting droplet and Rbmax  is the maximum base radius:  
 
 
maxb
R ~R We0.25 (2.2) 
 
Okumura et al. (2003) showed that spreading increases with velocity and Wang et al. 
(2005) have demonstrated that, as long as the surface temperature is well above the 
Leidenfrost temperature, an increase of Weber number, which in other words means 
an increase of the impaction velocity, results in the complete rebound of the 
impinging droplet with the formation of secondary droplets. Moreover, Celata et al. 
(2006) showed that increase in velocity of the droplet could result in a decreased 
Leidenfrost temperature. 
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2.2.2.3 Surface roughness and ambient atmosphere 
Early work by Engel (1955) suggested that surface roughness promotes droplet break-
up. However, the effect of surface roughness has not been studied very extensively. 
Cumo et al. (1969), Baumeister et al. (1970) and Nishio and Hirata (1977) observed 
that the Leidenfrost threshold is higher when the roughness of the surface is higher; a 
thicker vapour layer is required to sustain the droplet with rough surfaces. Fujimoto 
and Hatta (1996) and Hatta et al. (1997) confirmed the fact that the critical Weber 
number, above which the droplet disintegrates, depends also on the surface material. 
However, for low impact velocity, the dynamics of the water droplet are almost 
independent of the surface materials when the surface temperature is above that 
temperature that would give a dry droplet-wall interaction. Bernardin et al. (1997) 
used three different surface finishes and found that temperature required for dry 
droplet- wall interaction exhibited a high sensitivity to the surface finish.  
The droplet-hot surface interaction may also be influenced by the nature of the 
surrounding gaseous environment. Wachters et al. (1966) have indicated that the 
evaporation rate of a sessile droplet is higher in an unsaturated atmosphere since the 
droplet evaporates from the sides at a significant rate in comparison with the 
evaporation rate of the sides of the droplet in a saturated atmosphere. Therefore, the 
heat transfer rate to the droplet (but not necessarily from the surface) is higher in an 
unsaturated atmosphere.  
 
Fig.2.7. Photographs of a liquid drop hitting a smooth dry substrate. A 3.4 mm 
diameter alcohol drop hits a smooth glass substrate at impact velocity u 
=3.74 m/s in the presence of different background pressures of air. (Xu et al. 
(2005)) 
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Xu et al. (2005) studied the effect of ambient pressure on the splashing mechanism of 
a droplet. They showed experimentally that the splashing can be suppressed by a 
decrease in the pressure of the surrounding gas (they used air in their experiments), 
(Fig.2.7). 
2.2.2.4 Surface temperature and droplet subcooling 
Solid wall temperature is obviously one of the most important parameters in the 
droplet-wall interaction process. The effects of droplet diameter, approach velocity, 
angle of impaction, surface roughness and ambient conditions (as summarized in the 
previous sections) are all conditioned by the value of the surface temperature. An 
important transition occurs at a temperature when the droplet-wall interaction is such 
that wetting of the wall (i.e. direct contact between the liquid in the droplet and the 
wall) is inhibited. One possible definition of Leidenfrost temperature is the 
temperature at which this transition occurs (see Section 2.1). However, this 
temperature is below the value for Leidenfrost temperature given on a thermodynamic 
basis (see Section 2.1). 
A typical transition temperature between wet and dry droplet-wall interaction for 
water is around 220 oC whereas the value defined on a thermodynamic basis is around 
310 oC.   
Wachters and Westerling (1966) and Wachters et al. (1966) have studied extensively 
the influence of the solid surface temperature on the droplet impact characteristics. 
The phenomena observed depend also on impact velocity (which may be expressed in 
terms of Weber number). In order to summarise the findings of Wachters and 
Westerling (1966), the present author constructed the diagram shown in Fig.2.8. In 
addition to the transition between dry and wet interaction which occurs (as mentioned 
above) at around 220 oC, a further important transition is observed at 368 oC. Above 
this temperature, droplet rebound is observed. With a further increase of temperature 
(to around 400 oC), droplet disintegration can occur at higher values of Weber 
numbers as shown.  
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Fig.2.8. Schematic summary of droplet impact phenomenon changing with the 
temperature of the wall of impaction and Weber number (summary of 
Wachters et al. publications (1966)) 
 
Chandra and Avedisian (1991) examined the effect of surface temperature on the 
spreading of n-heptane droplets during impact. The contact angle was shown to 
increase with increasing surface temperature. When the surface temperature reached 
the thermodynamic Leidenfrost threshold for n-heptane (TLeid=200 oC) the contact 
angle was 180o. The experimental results are shown in Fig.2.9. 
It would seem that the transition temperature between dry and wet interactions is close 
to the thermodynamic Leidenfrost temperature (see Section 2.1) for organic fluids. 
This finding has been observed also by Gottfried et al. (1966) and differs strongly 
from the findings of experiments with water. Qiao and Chandra (1996) explained this 
different behaviour by referring to the different surface tension of the two liquids. 
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Fig.2.9. Variation of contact angle θ with wall temperature (Chandra and Avedisian 
(1991)) 
 
The extent to which droplets are subcooled below the saturation temperature has been 
shown to influence impact behaviour. Investigations of the effect of subcooling are 
reported by Inada et al. (1988) who used a laser technique to measure the vapour layer 
thickness below impinging water droplets (it was possible to measure vapour layer 
thicknesses larger than 2µm). The cases of droplets with subcooling of 2 oC and 88 oC 
respectively were studied. The solid surface temperatures were varied between 180 oC 
and 500 oC and the Weber number was kept low (12-15). Inada et al found that the 
droplets with 88 oC subcooling did not form a vapour layer below them upon 
impingement for temperatures up to 420 oC. However, a very thin layer of vapour was 
observed when the solid surface temperature was increased above 420 oC. For the 
nearly saturated droplets (2 oC subcooling), when the initial surface temperature was 
set above 220 oC (the dry/wet interaction transition temperature as mentioned above), 
there was always a significantly thicker vapour layer formed underneath the droplets. 
2.2.2.5 Transient heat transfer during impact 
Ueda (1978) estimated the surface heat flux during the impingement by solving the 
inverse heat-conduction problem based on the maximum temperature drop measured 
at one location inside a heated plate. For the calculation of heat flux, the spreading of 
the droplet was not taken into account and the heat flux was assumed to be constant 
throughout the impingement. Michiyoshi and Makino (1977) defined the heat flux as 
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the amount of mass lost by the drop over the entire evaporation time multiplied by the 
latent heat of evaporation and divided by the time mean value of the spread area of the 
drop bottom. They took into account the surface temperature drop of the heated plate 
in order to estimate the effective wall superheat. Makino and Michiyoshi (1984) found 
a correlation indicating that the heat flux between droplet and solid hot surface is a 
function only of the surface temperature. This correlation is shown below and seemed 
to perform well for different droplet sizes and different roughness materials. 
 
 '' 2.78q  = 770Tw  (2.3) 
 
However, at high surface temperatures, almost all droplets rebound from the heated 
surface or disintegrate during the initial stage of the impingement and so it is 
necessary to estimate the instantaneous heat transfer rate. Chen and Hsu (1995) 
determined the time-varying local heat flux under liquid contacts by means of a 
micro-thermocouple probe which was used to detect the transient temperature data. 
The instantaneous heat flux was found to vary by orders of magnitude during the very 
short time (ms) of liquid residence at the hot surface. For water at atmospheric 
pressure and for surface temperature varying from 50 to 450oC, the average heat flux 
during the contact was found to range from 105 to 107 W/m2.  
Inada et al. (1985) investigated how the droplet subcooling degree influences the 
boiling curves for a drop in the same size range as used by Chen and Hsu (1995) but 
focusing on the cases where the temperature of the hot surface was above the wet 
interaction/dry interaction transition temperature for water (approx 220oC). The effect 
of the degree of droplet subcooling on the liquid-solid contact heat transfer was also 
investigated. To make these measurements, Inada et al. (1985) used a grid of 
thermocouples placed on the central axis inside the hot surface and under the droplet 
impact point at several depths. Then, the inverse heat conduction problem was solved 
in order to estimate the heat flux during the transient.  
The general conclusion from the studies of Chen and Hsu (1995) and Inada et al. 
(1985) was that, when a droplet impinges on the heated surface in the non-wetting 
regime, the surface temperature profile reaches a minimum value in about half the 
residence time (Fig.2.10). 
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Fig.2.10.Transient surface superheat (a) and heat flux (b) for water droplet subcooling 
of 80oC and initial wall superheat 400oC. (Chen and Hsu (1995)) 
 
The surface temperature recovers rapidly to a value very close to the initial 
temperature in the latter half of the residence time. Also, the heat transfer rate on the 
solid substrate increases significantly (up to one order of magnitude) with a decrease 
in the initial droplet temperature. Experiments by Groendes and Mesler (1982) 
showed that even with a low thermal diffusivity material such as quarz, the 
temperature drop of the solid surface during a droplet impact was only small, of the 
order of 20oC. It was also shown, by means of a platinum film resistance 
thermometer, that the temperature of the surface during each impact was highly 
oscillatory suggesting that the height of vapour layer during an impact is also 
oscillatory.  Qiao and Chandra (1996) measured (with a fine gauge thermocouple) the 
temperature drop of a stainless steel surface during the impact of the subcooled water 
and n-heptane droplets in low gravity. They also found that when the surface 
temperature is above the superheat limit, the temperature drop of the surface is 
relatively small for the impact of an n-heptane droplet (less than 20oC). For the impact 
of a water droplet, the temperature drop of the surface can reach as high as 150oC. 
Very recently, the problems of obtaining accurate temperature profile measurements 
over the heated surface where the droplet impinges on were overcome with the use of 
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infrared thermal cameras. Tartarini et al. (1999) has used a thermographic method in 
order to measure the local solid surface temperature during the droplet evaporation on 
it. Several droplet sizes and several substrates were used. In Fig.2.11, a thermographic 
image showing a seven-droplet array evaporating is presented.  
 
Fig.2.11. Seven-droplet array evaporating on a macor substrate (Tartarini et al (1999)) 
 
Tarozzi et al. (2007) used the same method to observe the temperature change in an 
IR transparent disk of BaF2 during the evaporation of a water droplet on it. However, 
those studies did not include non-wetting droplets. 
2.3 COMPUTATIONAL WORK 
2.3.1    General review on droplet impact simulations 
The phenomena  occurring during the interaction of a droplet and of a hot surface 
(spreading, recoiling, evaporating, bouncing) are very complicated and are difficult to 
study computationally. The main stress so far was given to the hydrodynamic aspects 
of the process, i.e. the spreading and recoiling of the droplet and the deformation 
process. The evaporation process during the impact was usually neglected. The main 
difference between the computational approaches published lies in the numerical 
methods used to simulate this two-phase flow phenomenon and the different models 
created to simplify this complex analysis.  
Very early attempts were made by Harlow and Shannon (1967). They employed the 
MAC (Marker And Cell) method to simulate the droplet-solid surface interaction. 
However, in their study, they did not consider the viscosity and the surface tension 
forces in the momentum conservation equations. A volume tracking methodology was 
used by Bussmann et al. (1999) and Bussmann et al. (2000). They developed a three-
dimensional model based on the RIPPLE code (Kothe and Mjolsness (1992)) to 
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simulate the droplet collision onto an inclined surface and its splash from the surface.  
The effect of surface tension was taken into account by the Continuum Surface Force 
(CSF) model (Brackbill et al. (1992)). In a more elaborate study, Pasandideh-Fard et 
al. (1998) solved the momentum and heat transfer equations that describe the droplet 
deposition on the solid substrate, by using the modified SOLA-VOF method. 
Additionally, Pasandideh-Fard et al. (2002) extended Bussmann’s model by including 
the effects of heat transfer and solidification of liquid drops. Ghafouri-Azar et al. 
(2003) and Ghafouri-Azar et al. (2004) investigated molten metal droplets impinging 
onto a cold surface. Killion and Garimella (2004) performed a numerical simulation 
of the behavior of both a falling film and pendant droplets in horizontal tube banks, by 
the Volume Of Fluid (VOF) technique (Hirt and Nichols (1981)). Wu et al. (2004) 
simulated the formation, ejection, and impact of a liquid droplet in an inkjet device by 
the VOF and CSF techniques. Fukai et al. (1993) used the adaptive-grid finite element 
method to simulate droplet impact. Fukai et al. (1995) also considered wettability of 
the solid surface in the contact line between liquid and solid as the droplet is 
spreading and receding. Perot and Nallapati (2003) utilized a moving unstructured 
staggered mesh method to study the collision of droplets onto a solid. Baer et al. 
(2000) proposed a model for analyzing free surface flows by employing a Finite 
Element Method (FEM). The motion of a droplet down an inclined plane was 
simulated.  Theodorakakos and Bergeles (2004) developed a model which combined 
the VOF method and the adaptive grid refinement method to simulate the impact of a 
small drop onto a solid. Tome et al. (2004) presented a simulation of a spreading drop 
on a flat surface by a finite difference method; marker particles were used to track the 
free liquid surface. Francois and Shyy (2003) used the Immersed Boundary Method 
(IBM) to study the effect of Weber and Reynolds numbers on the droplet impact 
phenomenon. Numerical studies on the collision of liquid droplets with a solid surface 
have been performed by Hatta et al. (1995), Fujimoto and Hatta (1996), Fujimoto et 
al. (2001) and Fujimoto et al. (2004). The VOF technique was used to track the free 
liquid surface. Normal and oblique collisions of droplets with the substrate were 
simulated at low droplet impact inertia. The impact angle parameter was examined 
and experimental observations and the numerical results were in reasonable 
agreement. Roth et al. (2004) studied the collision-induced droplet breakup processes 
with a DNS (Direct Numerical Simulation) VOF code. They showed a connection 
between the break-up probability and the angle of approach of the droplet.  
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2.3.2  Computational studies on the beyond Leidenfrost region  
Several numerical studies have been reported on droplet/wall interactions in the dry 
wall region. These have employed mostly the Volume of Fluid (VOF) and the Level 
Set methods. Karl et al. (1996) used the VOF method in order to simulate the 
interaction of tiny droplets with hot walls.  To reproduce the phenomenon in a more 
realistic way, they applied a free-slip boundary condition as well as a contact angle of 
180o on the solid surface. The no-slip condition was applied in the spreading phase 
and the free-slip condition was used in the recoiling stage in the simulations by 
Fujimoto and Hatta (1996), who used a two-dimensional MAC-type method. The 
effects of the evaporation and the vapour flow were neglected and a simplified 
temperature field was assumed. The VOF method was used by Harvie and Fletcher 
(2001) who developed an axisymmetric, 2-D algorithm in order to simulate the 
volatile liquid droplet striking a hot solid surface. They described the vapour flow 
between the droplet and the solid surface by a 1-D flow model. That model neglects 
the inertial forces and can predict the droplet dynamics accurately for We numbers 
below 30. For larger Weber numbers, that model can predict the spreading process of 
the droplet but not the recoiling and rebounding phase.   
Ge and Fan (2005) carried out a three-dimensional simulation of a droplet impinging 
on a hot flat surface under conditions where the surface was not wetted. The Level Set 
method in a finite volume algorithm with the Arbitrary Lagrangian–Eulerian 
technique was adopted. In a later work, Ge and Fan (2006) considered also the heat 
transfer inside each phase and at the solid–vapor/liquid–vapor interface in their 
model. The vapor flow dynamics and the heat flux across the vapor layer were solved 
with consideration of the kinetic discontinuity at the liquid–vapor and solid–vapor 
boundaries in the slip flow regime. They employed the same model that Harvie and 
Fletcher (2001) have used for the modelling of the vapour layer between the droplet 
and the solid surface. In  Fig.2.12, one can observe the temperature distribution as 
well as the heat flux inside the vapour layer, as presented by Harvie and Fletcher 
(2001).  
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Fig.2.12.Temperature distribution and heat flux inside the vapour layer (Harvie and 
Fletcher (2001)) 
 
Additionally, Ge and Fan (2005) and Ge and Fan (2006) have shown good agreement 
between their simulated and previous experimental results concerning the temperature 
drop and consequently the heat transfer inside the solid surface (Fig.2.13). 
 
Fig.2.13.Simulated solid surface temperatures in comparison with the experimental 
results of Chen and Hsu (1995). The impact has a small tangential velocity 
(5cm/s) (Ge and Fan (2006)) 
 
 
Very recently, Chatzikyriakou et al. (2009)  performed numerical simulations using 
the Level Set Method in order to study the behaviour of non-wetting droplets. Both 
sessile and impinging droplets where studied. Very satisfactory results where 
obtained. Those simulations reproduced very satisfactorily the experiments of 
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Wachters et al. (1966) for the sessile droplet case and Biance et al. (2006) for the 
impinging droplet case. For the cases of oblique droplet-wall interactions again the 
qualitative and quantitative agreement with the experiments of Anders et al. (1993) 
was very good (Chatzikyriakou et al. (2010)). These results are presented in more 
detail in this present thesis. 
2.4 ANALYTICAL DROPLET IMPACT MODELS 
The most studied part of the droplet-wall interactions has been the hydrodynamic 
behaviour of the droplet during the impact. There have been several analytical models 
developed in order to explain the deformation of the droplet upon impingement. Most 
of this work focuses on the wetting case of a droplet and more specifically on the 
contact line and contact angle parameters. 
In the work of Roisman et al. (2002) the evolution of the drop diameter is estimated 
using the momentum balance of the rim in the radial direction. The model takes into 
account the inertia of the flow in the lamella, the surface tension, and the dynamic 
contact angle, which depends on the velocity of the rim propagation (Fig.2.14).  
 
Fig.2.14. The shape of the drop after high velocity impact 
 
Proposed asymptotic models are given for the maximum diameter of the drop, the 
drop diameter at instant t = Do/uo, as well as the time tm at which the drop diameter 
reaches its maximum value. At the instant tm, the velocity of the rim vanishes, 
whereas the liquid in the lamella continues to move. In the cases where Re>>We>>1, 
the proposed models agree well with the experimental data.  
Gulikov et al. (2004), in order to explain the dynamics of deformation of a water 
droplet (at saturation temperature) impinging on a hot surface (400oC), presented a 
model according to which, during the initial period of time when the droplet spreads 
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out, the height of the vapor interlayer at the center exceeds that on the periphery. On 
further spreading, the height of the vapor interlayer is equalised and stabilised, and the 
droplet top is gradually lowered. The kinetic energy of the droplet changes to the 
potential energy of surface tension, and the droplet radius assumes a maximal value 
(Fig.2.15 (e)). From this time, the droplet starts building up under the effect of surface 
tension forces (Fig.2.15).   
        
Fig.2.15.The dynamics of the process of deformation of a droplet impinging on a 
wall: t= (a) 0.16, (b) 0.32, (c) 0.48, (d) 0.7, (e) 1.12, (f) 1.56, (g) 2.02, (h) 
2.46, (i) 3.32; Tw= 400°C,Tdrop=100°C, Do=2.3mm, u = 0.625 m/s, the liquid 
is water. (Gulikov et al. (2004)) 
 
The upper boundary of the droplet continues its upward motion, the vertical velocity 
of motion of the upper boundary increases and the liquid is expelled. The lower 
boundary first continues the upward motion then the velocity of motion decreases and 
changes sign and the droplet center again settles down on the thin vapor interlayer. 
The droplet continues to grow upward and gets thinner and longer. The surface of the 
vapor interlayer decreases and its height is again stabilized and the droplet gradually 
separates from the wall.  
The recoiling of liquid droplets when they collide with solid surfaces was also studied 
both experimentally and analytically by Kim and Chun (2001). They developed a 
model for the recoiling mechanism of the droplets after they reach their maximum 
spread. In their model, they employ an empirically derived dissipation factor in order 
Literature Review 
 
 
61
to estimate the viscous friction. The study shows that droplets recoil faster when the 
impact Weber number increases. Previously, Kim et al. (2000) had examined the 
interface instabilities that build up in a radially-expanding liquid jet by using a linear 
perturbation theory. They have then applied this theory to the collision of droplets 
with solid surfaces. Buyevich and Mankevich (1995) have studied the interaction of 
mist flow with a hot body by considering the flow of an aerosol of droplets around a 
heated body. They analyzed the connection between the droplet impact velocity and 
the onset of the ‘heat transfer crisis’; the occurrence of a non-wetting regime, and the 
elastic scattering of the droplets once they impact on the hot surface. 
An analytical study of the amount of heat transferred during the interaction of such 
droplets with the hot wall was performed by Chatzikyriakou et al. (2008).  More 
details of this study will be given later in this thesis. 
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CHAPTER 3 
ANALYTICAL STUDIES 
 
 
 
 
 
 
3.1 INTRODUCTION 
This chapter describes an analytical study aimed at evaluating the contribution made 
to heat transfer by non-wetting droplets impinging on a hot surface in conditions 
similar to those in reflood. As was described in Chapter 2, this would imply (for the 
case of water droplets impinging on a hot surface in a steam environment at 
atmospheric pressure) that the surface temperature is greater than 220 oC. The study 
employs literature correlations for heat transfer, and for the rate of droplet 
impingement. 
The route adopted is, in outline, as follows. The first stage is to estimate the heat 
transferred during the rebound of a single droplet. This is achieved using a semi-
empirical correlation (Wachters and Westerling (1966)) for the droplet evaporation 
rate. This is augmented both by analytical correlations (Biance et al. (2006)), based on 
experimental observations, and by the Level-Set CFD calculations of the droplet-
surface interaction carried out at an earlier stage of the present study (Chatzikyriakou 
et al. (2009)). Given then a tool to estimate the heat extracted by a single droplet, the 
second stage is to estimate the rate of droplet-surface interactions. This is done from 
the correlations of Hewitt and Govan (1990) for droplet deposition rates.  
In Section 3.2 a brief review of previous studies that formed the basis of this specific 
analysis is presented. Section 3.3 lists the parameters of the problem which were 
selected. In Section 3.4 the estimation of the heat extracted per droplet is addressed 
and in Section 3.5 the estimation of the rates of droplet-surface interactions to be 
expected in a dispersed flow is described. The use of these results to estimate the 
cooling likely to be attributable to non-wetting droplets under reflood conditions is 
also described in Section 3.5. Conclusions are presented in Section 3.6. 
 Analytical Studies 
 
64 
3.2 UNDERLYING BASES 
3.2.1  Individual droplet behaviour 
Wachters and Westerling (1966) conducted experiments to determine the heat transfer 
when a liquid drop bounces off a hot surface. They used 1.15 mm radius saturated 
water droplets falling vertically onto a gold surface at 400 oC inclined at 30o to the 
horizontal. The surrounding atmosphere was saturated steam. The droplet motion was 
recorded in a series of high-speed photographs, allowing the hydrodynamic behaviour 
to be observed. The time-dependent surface area of the base of the droplet in 
proximity (though not in contact) with the hot plate was determined from the 
photographs, as was the position of the centre of mass of the droplet. 
At lower approach velocities, the droplets bounced from the surface whereas, at 
higher impact velocities, they broke up on impact. Conditions under which the 
droplets bounced rather than broke up upon impact were identified and it was found 
that the critical value of Weber number above which droplet breakup occurs was 
about 80. This Weber number and all others in this analysis are based on the normal 
component of the droplet velocity. Below this critical Weber number, the droplet 
bounced without disintegration. It is perhaps worth noting that other researchers have 
observed lower critical Weber number values (discussed in Chapter 2).  
Wachters and Westerling (1966) found the residence time of the droplet to be 
approximately equal to the first-order vibration period of a freely oscillating droplet, 
indicating that the contact time depends on the initial droplet radius and material, 
rather than the approach velocity. 
Using those hydrodynamic observations, in combination with the correlation derived 
for the evaporation rate in an earlier paper of the same group of researchers (Wachters 
et al. (1966)), a correlation for the thickness of the vapour film separating the drop 
and the hot surface was derived. A second correlation gave the volume of vapour 
evaporated from the bottom surface of the droplet during the droplet-wall contact 
period:   
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In a case where the droplets are saturated, all of the heat extracted from the surface 
can reasonably be assumed to be used in generating further vapour, so this correlation 
in effect gives the heat extracted. 
Biance et al. (2006) examined the elasticity of a non-wetting droplet both 
experimentally and analytically. They used a photographic method to observe the 
radius of the ‘contact’ area of a water droplet (R=1 mm) incident vertically on a metal 
surface at 280 oC. Upon impact, the droplet initially spreads, reaches a maximum 
extension and then recoils and finally moves away from the surface. At the time when 
the distorted droplet reaches maximum extension, the maximum base radius is very 
close to the radius of the region in proximity to the hot surface. 
The maximum base radius was observed to scale with the perpendicular Weber 
number according to the expression: 
 
 max
o
R We
R
α=  (3.2) 
  
with a value of the exponent α of 0.23 . 
Additionally, Biance et al. (2006) proposed a simple analytical model to predict the 
maximum droplet base radius, built on earlier work by Chandra and Avedisian (1991). 
The analysis of Chandra and Avedisian (1991) was based on the concept that the 
kinetic energy converts to surface energy as the drop deforms as it approaches the 
solid; this analysis led to the conclusion that the maximum radius would scale with 
the Weber number to the power 0.5. The more recent analysis of Biance et al. (2006) 
proposed that the value of the exponent was 0.25, in good agreement with their 
experimental value of 0.3 mentioned above. 
Chatzikyriakou et al. (2009) conducted numerical simulations using the Level-Set 
method for a 1 mm water droplet impinging on a solid surface at 300 oC. A correlation 
of the numerical data for the maximum base radius was obtained which was similar in 
form to that of Biance et al. (2006), but with a value of the exponent of 0.23. The 
analysis of Biance et al. (2006) computed the Weber number using the radius of the 
droplet as the characteristic length and the correlation they derived corresponds to this 
way of calculating the Weber number. In their analysis Chatzikyriakou et al. (2009) 
employed the same way of Weber number calculation in order to compare directly 
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with the experiments of Biance et al. (2006). However, in the rest of the report (all 
subsequent chapters) the Weber number is calculated by using the droplet diameter as 
the characteristic length. Details are given in Chapter 4.  
These three sets of data (the Biance measurements, the Biance model, and the 
Chatzikyriakou numerical simulations) are shown in Fig.3.1.  
 
Fig.3.1.  The normalised maximum droplet radius as a function of the Weber number, 
for  Biance et al. (2006) (model and measurement) and Chatzikyriakou et al. 
(2009) (simulation). 
 
3.2.2  Droplet size in typical reflood conditions 
Whilst the topic of cooling by non-wetting droplets is of quite broad applicability, in a 
range of engineering applications, our prime motivation here concerns the analysis of 
reflood in PWRs. The droplet size spectrum during reflood is unfortunately not only 
an important parameter influencing events but is also extremely difficult to predict. A 
number of equations, most of which are semi-empirical, have been used to represent 
the droplet size based on the flow conditions in two phase dispersed and annular flow 
systems. Droplet size has been found to depend on the gas density to the power of 0.4 
(Azzopardi (1985), Gibbons (1985)) and to increase with increasing liquid flow rate 
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(Azzopardi et al. (1980)). The correlation suggested by Azzopardi (1985) which uses 
a length scale (lT) is: 
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In reflood experiments in a 7x7 rod bundle with electrically heated rods Hochreiter et 
al. (2002) and Holowach (2002) observed droplets in the range of 70 to 2000 µm in 
diameter, with a mean diameter of between 400 and 600 µm. There is not sufficient 
information available to us about these experiments to apply the Azzopardi (1985) 
correlation to predict the results. In particular, neither the liquid mass flux nor the gas 
velocity was specified. However, making estimates of the range of these parameters 
leads to the prediction, using the Azzopardi (1985) correlation, of mean droplet 
diameters in the range of 100-400 µm.  
The velocities of entrained droplets, and in particular the relationship between their 
transverse velocity component and the flow conditions, has been investigated 
experimentally (Andreussi and Azzopardi (1984)), using a two phase annular air-
water flow with a range of gas velocities.  The measurements themselves made use of 
techniques developed earlier (Hewitt and Whalley (1980)). It was found that the 
droplets travel at a velocity normal to the surface (UL) which is proportional to the gas 
frictional velocity u* Andreussi and Azzopardi (1984) suggested the following 
relationship for UL:   
 *12 gl
l
U u ρ ρ= ⋅ ⋅  (3.6) 
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3.2.3  Droplet dynamics and deposition rate during reflood  
Under reflood conditions, application of the above correlation (and indeed, such direct 
experimental evidence is available) indicates that droplets impinge on the hot fuel at 
shallow angles. The hydrodynamics of such interactions are rather different from 
those where impingement is nearly perpendicular, and which have actually formed the 
basis of most studies of droplet heat transfer. 
In the experimental studies of the behaviour of droplets approaching at shallow angles 
(Yao and Cai (1988)) droplets were observed to slide along the hot surface for a 
longer distance, and to stay in close proximity for a longer period of time, as the 
approach became more oblique. Also, the droplet ceased to spread in an axisymmetric 
manner and became rather elongated during the interaction. Droplets were found to be 
more likely to break up into smaller ones during the interaction, doing so for a 
(perpendicular) Weber number much lower than that for a purely perpendicular 
approach.  
Hewitt and Govan (1990) correlated the droplet deposition rate in upwards annular 
flow. Both air-water and steam-water mixtures were considered, with the flows taking 
place in 8-40mm diameter tubes at a range of pressures. The liquid and gas mass 
fluxes were in the range of 100-600 kg/m2s and 100-300 kg/m2s respectively. The 
liquid content in the flow was in the range 1 - 10 kg/m3, and droplet diameters were 
typically 0.1 to 0.2mm, corresponding to a droplet number density of ~109 drops/m3. 
For air-water flows, the liquid deposition rate was measured by removing the annular 
liquid film, and then observing the rate at which a new film builds up. The mass flux 
of droplets to the wall (N, kg/m2s) is related to the mass concentration of droplets in 
the gas core (C, kg/m3) as follows: 
 
dN k C= ⋅  (3.7) 
 
where kd is the droplet deposition mass transfer coefficient. The value of C is 
calculated by assuming a homogeneous mixture of the entrained droplets and the gas 
(vapour) in the core of the flow and can be written in a dimensionless form as 
 
C* = Cρg
. The dimensionless mass transfer coefficient is given by * g hd d
D
k k
ρ
σ= . 
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From their experiments they found this dimensionless mass transfer coefficient to be 
given by: 
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3.3 CONDITIONS CONSIDERED 
The prime purpose of the work presented here is to investigate the cooling 
circumstances in a PWR sub-channel during reflood. In Table 3.1 below are 
summarised the conditions which are considered in the study, conditions which are 
typical of those that might obtain during reflood. The droplet diameter values used in 
the present analysis are towards the upper end of the observed range of diameters. 
Table 3.1. Conditions considered for this study 
Parameters Values Units 
Sub-channel hydraulic diameter  0.0116 m 
Vapour axial velocity 10-30 m/s 
Typical droplet velocity 0.3-1.0 m/s 
Typical Weber numbers 0.1-17 - 
Pressure 0.1 MPa 
Droplet mass concentration 10 kg/m3 
Droplet diameter 2.3 mm 
Cladding surface temperature 600-700 K 
Vapour temperature 373 K 
Droplet temperature (saturation) 373 K 
Vapour heat transfer coefficient (via Dittus Boelter) 40 W/m2K 
Heat flux to vapour 20 kW/m2 
 
Note that (a) the wall temperature is well above the that at which a transition from wet 
wall to dry wall interactions would be expected (for water and atmospheric conditions 
this is approximately 220oC – see Chapter 2), (b) the perpendicular Weber number is 
below that at which droplet break up is to be expected.  
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3.4 ESTIMATION OF THE AMOUNT OF HEAT EXTRACTED 
PER DROPLET-WALL INTERACTION 
In their experiments, Wachters and Westerling (1966) measured, amongst other 
things, the generation of vapour from the surface of a drop adjacent to the hot solid.  
They developed Eq.(3.1) based upon their observations. This expression gives the 
total volume of vapour generated as the time integral of a function of the 
instantaneous droplet base radius during the interaction, and of the instantaneous 
acceleration of the droplet centre of mass. 
It is obviously a trivial matter to convert the volume of vapour generated into an 
amount of energy extracted, via the latent heat. However, we cannot use this 
correlation directly, as neither the time-dependent droplet base radius, nor its 
acceleration, are known. The a priori information that characterises an interaction is 
the droplet approach velocity, and the droplet radius. 
We will now consider how we can estimate the time dependent contact radius, and 
acceleration. 
3.4.1  The time integral of the droplet base radius 
We have discussed above the rather different behaviour of droplets approaching in a 
nearly perpendicular direction, and those undergoing an oblique interaction. It is not 
possible to characterise the oblique interactions in any tractable fashion, so we will 
apply the results for approaches closer to the perpendicular direction. This is 
obviously not ideal, and is not ‘conservative’, in the sense that if anything it will 
overestimate the droplet heat transfer.  
Previous researchers (Wachters and Westerling (1966), Inada et al. (1985)) plot 
graphs of droplet base radius versus time. If these measurements are re-plotted, with 
the axes scaled respectively by the maximum base radius reached, and the total 
interaction time, it turns out that the resulting curves lie quite close to each other, for a 
reasonably wide range of interaction conditions (the velocity varying by a factor of 
~2, droplet mass by a factor ~5). This plot is shown in Fig.3.2. 
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Fig.3.2.  Normalised experimental values for the time dependent droplet base radius, 
and our empirical fit to these. 
 
We have developed an empirical expression (the particular form is a probability 
density function) that fits this curve well. This curve is given by: 
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 (3.9) 
 
and is also shown in Fig.3.2. 
We can then use this to obtain a reasonable estimate of the time-dependent droplet 
base radius, as long as we do know (a) the maximum base radius reached, and (b) the 
total interaction time. 
3.4.2   The maximum droplet base radius 
As discussed above, several researchers have addressed the issue of determining the 
maximum droplet base radius reached as a function of the interaction conditions. 
Results for maximum droplet base radius are shown in Fig.3.1.; these results are 
obtained from the measurements and model of Biance et al. (2006) and from the 
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numerical simulations of Chatzikyriakou et al. (2009). All propose a similar form of 
relationship (Eq.(3.2)) with some variation in the value of the exponent to which the 
Weber number must be raised. Here we used the one of  Chatzikyriakou et al. (2009). 
3.4.3 The droplet - surface interaction time 
The duration of the interaction between the droplet and the surface was also studied 
both by Wachters and Westerling (1966) and Biance et al. (2006). The duration was 
found to be rather insensitive to the approach velocity, but much more sensitive to 
droplet size, and approximately equal to the first-order vibration period of a freely 
oscillating droplet:   
 
 
3
2
l
o
drop
Rρτ π σ=  (3.10) 
 
3.4.4  The time integral of the acceleration of the droplet centre of 
mass 
The time-dependent acceleration of the centre of mass is required to evaluate the 
correlation in Eq. (3.1) for the vapour generation in the Wachters experiments, and we 
have attempted the same approach to characterising it as was used above for the base 
radius. 
The time is again normalised by the total interaction time. The height of the centre of 
mass is normalised by the initial droplet diameter, and we plot in Fig.3.3 the observed 
motion for the two approach velocities used by Wachters and Westerling (1966). An 
approximate fit to these two curves was obtained, using the fourth-order polynomial 
of Eq.(3.11), and this is shown in the same figure. The second derivative of this 
polynomial is then used in the evaluation of Eq.(3.11). 
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Fig.3.3. The normalised height of the centre of mass for the two droplet approach 
velocities studied by Wachters and Westerling (1966), and the approximate 
fit to these employed here. 
 
3.4.5  Summary and validation of this heat extraction model 
It is perhaps helpful to gather together and summarise the stages involved in applying 
the model. Using Eq.(3.2) and Eq.(3.10) in Eq.(3.9) gives us an estimate of the time 
dependent base radius. Then, using Eq.(3.10) in Eq.(3.11) similarly gives us an 
estimate of the time dependent acceleration of the centre of mass. 
Both of these are then inserted into Eq.(3.1), and the equation is integrated through 
time to determine the heat transferred during the interaction. 
As a test, in Fig.3.4, we compare the predictions of the base radius given by our 
model, with those measured in the Wachters experiments from which our model was 
derived. As is seen, the agreement is reasonable. 
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Fig.3.4. Droplet maximum base radius as a function of time (We=20, We=7). 
Experimental results by Wachters and Westerling (1966) and values given by 
our fitting model (denoted ‘pdf-fitted’). 
 
As a complementary test, we examine our ability to predict the vapour film thickness 
underneath the droplet versus time. This too was measured in the Wachters 
experiments, and the correlation they obtained for this quantity is:  
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The film thickness is seen to depend in a similar fashion upon the time integral of the 
droplet base radius, and on the acceleration of the droplet centre of mass.  We have 
used the approach outlined above to predict the film thickness by this correlation, and 
these predictions are seen in Fig.3.5 to be in reasonable agreement with the 
measurements of Wachters and Westerling (1966). 
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Fig.3.5. Vapour layer thickness under the centre of the droplet bottom surface, 
through time (We=20, We=7). Experimental results from Wachters and 
Westerling (1966) and results computed from the present fitting model. 
 
3.4.6  Application of the model to predict interaction heat transfer 
Applying the above analysis to 1.15 mm radius water droplets near saturation (the 
droplet radius used by Wachters), we show in Fig.3.6 the computed droplet 
evaporation rate, volume, and cumulative heat loss versus time. Only the approach 
velocity, expressed via the perpendicular Weber number, changes in this parametric 
study. It is seen that an increase in the normal velocity component results in an 
increase of the evaporation rate. Furthermore, the amount of heat extracted by the 
droplet by the end of the interaction is larger when the droplet approaches the wall at 
a higher velocity. 
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Fig.3.6. Computed droplet evaporation rate, volume, and cumulative heat loss versus 
time. The droplet radius is 1.15 mm. The Weber number here is a measure of 
approach velocity. 
 
As noted earlier, it is of course the total reduction in droplet volume, or equivalently 
the mass of vapour generated, which is proportional to the total heat transferred 
during the interaction. This is found by a time integral. Performing this, we can 
estimate that a 1.15 mm near-saturation water drop would have extracted about 0.05 J 
from the hot wall, during its ~10 ms in close proximity. The average heat flux during 
this period, approximating the average contact area by one half its maximum,             
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is ~2 MW/m2. This is large compared to the vapour-only heat fluxes as computed 
above, of approximately 0.01 – 0.02 MW/m2, but of course it obtains for only brief 
periods, over only small areas. 
Below, in Fig.3.7, it is presented how the heat extracted by a 1.15 mm droplet scales 
with the droplet normal velocity.  
 
Fig.3.7. Heat loss per interaction as a function of droplet perpendicular velocity, for a 
1.15 mm droplet. 
 
Although the duration of the interaction does not depend on the approach velocity, the 
evaporation rate and consequently the heat loss from the hot surface are affected. The 
higher this velocity, the higher the Weber number and, according to Eq.(3.2), the 
larger the maximum spreading of the droplet base. The droplet spreads over and cools 
a larger area of the hot surface.  
3.5 ESTIMATION OF THE AUGMENTATION OF THE HEAT 
TRANSFER BY DROPLET-WALL INTERACTIONS 
In order to estimate the heat transfer induced by the droplet-wall interactions in a 
dispersed flow we must estimate the rate of droplet-wall interactions. There is 
inevitably some considerable uncertainty in estimating the rate of droplet deposition 
on the walls for the conditions we analyse. The approach followed is to use the Hewitt 
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and Govan (1990) correlation of Eq.(3.8), but with parameter values for our 
conditions. 
Our droplet mass concentration is 10 kg/m3, at the upper end of the Hewitt and Govan 
range, but our droplet radius, of 1.15 mm, is substantially larger. These yield a droplet 
number density of ~1.5x106 drops/m3, about 1000 times lower than that observed by 
Hewitt and Govan (1990) due to our droplet radius being ~ten times larger. From 
these, we compute a rate of arrival of droplets at the wall of ~5x104 drops/m2s. 
We have estimated above a heat transfer per droplet – wall interaction of 0.05J, and a 
rate of interactions of 5x104 drops/m2s. Combining these, we estimate a wall heat flux 
associated with wall-droplet interactions of ~2.5 kW/m2. 
It is helpful to set this in context by comparison with heat fluxes due to single-phase 
convective heat transfer to the vapour. For the flow conditions we listed in Table 3.1, 
we estimate (via a conventional Dittus-Boelter approach) a heat flux flow by 
convection to vapour of ~20 kW/m2. 
3.6 CONCLUSIONS  
For the conditions studied, the heat flux associated with non-wetting droplet-wall 
interactions has been estimated to be of the order of one tenth of that attributable to 
single phase vapour heat transfer. However, there are necessarily some significant 
uncertainties in this analysis, associated both with the estimate of the heat extracted 
per droplet-wall interaction, and with the estimate of the number of interactions per 
second. Direct measurement of the heat extracted in drop-wall interactions is the 
subject of the rest of the study presented in the following chapters. The estimate of the 
interactions per second was derived here from earlier correlations with quite different 
droplet number densities, and different droplet masses, and thus must contribute to the 
uncertainty of this analysis. Nonetheless, there do seem to be grounds for believing 
that a significant increase in cooling, above that provided by single phase vapour heat 
transfer, might obtain during the precursory cooling period of reflood. 
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CHAPTER 4 
EXPERIMENTAL STUDIES 
DROPLET DYNAMICS 
 
 
 
 
 
 
4.1 INTRODUCTION 
A very important part of the droplet-wall interaction process is the hydrodynamic 
behaviour of the droplets during the interaction since this affects the heat transfer 
mechanism of the interaction significantly. One of the most important parameters 
affecting the behaviour of the droplet is its initial velocity. More specifically, for high 
impact velocities and for wall temperatures above those required to promote dry wall 
(non-wetting) contacts (see Chapter 2), the formation of secondary droplets can be 
observed as the droplets disintegrate upon impingement. On the contrary, low velocity 
droplets do not disintegrate. 
As part of the present studies, a series of experiments were conduced using water 
droplets impinging on hot surfaces with Weber numbers (defined in terms of the 
velocity component normal to the surface)1 in the range of 0.5 to 88 for various 
impingement angles. Image processing is used to obtain quantitative results regarding 
the duration of droplet proximity to the wall, the spreading of the droplet and the loss 
of momentum during droplet-hot wall interaction for the cases of droplet rebound 
                                                 
1 Important Note: The Weber number is defined as We
2U lρ
σ= , where σ is the 
surface tension coefficient, U is the perpendicular droplet velocity, ρ is the droplet 
density and l is a characteristic length which is usually defined as either the droplet 
radius or the droplet diameter. This variation in the definition of characteristic length 
causes some confusion in the literature. In the present wok, the droplet diameter is 
used consistently.  
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without break-up. A critical Weber number for normal collisions, beyond which 
droplet breakup occurs, is found and compared with previous researchers. 
Additionally, since the aim of the current study is to find the amount of heat extracted 
by non-wetting droplets, it is important to know the range of conditions in which the 
droplets do not disintegrate upon impingement. Once the droplets disintegrate it is 
very difficult to study the heat transfer since the contribution of each of the small 
daughter droplets to the heat transfer process would have to be studied. Though this is 
an important aspect, and would be a useful topic for further studies, it has been 
considered beyond the scope of the present work.  Therefore, the focus is on droplets 
that do not disintegrate and in the studies reported in this Chapter an important aim 
was to delineate the range of conditions over which such non-disintegrating impacts 
occur. However, the nature of the impingement processes was studied over the full 
range. 
4.2 CRITICAL WEBER NUMBERS IN PREVIOUS WORK  
Most of the published work on impact of non-wetting droplets on hot surfaces (as 
already presented in Chapter 2) has focused on the case of a droplet impinging 
normally, or at smaller but still at large angles (60 o, 45 o, 30o) to a hot surface. Critical 
Weber numbers were determined above which disintegration of the droplet occurred. 
The Weber number in all studies was calculated based on the perpendicular velocity 
component of the droplet. In all those previous studies, the materials used and the 
experimental conditions were different. Therefore, the critical value of Weber number 
above which disintegration of the droplet was observed varied significantly. The 
results obtained in these previous studies are summarized in Table 4.1.  
Table 4.1. Collective table with previous work relevant to our work on Critical Weber      
number using the droplet diameter as the characteristic length  
 θ (o) Wecr Ddrop (μm) Plate material Plate temperature oC 
Wachters 
and 
Westerling 
(1966) 
60 80 2300 Gold 400 
Hatta et al. 
(1995) 90 50 330-600 Inconel alloy 500 
Ueda (1978) 30 70 2000-3000 Stainless Steel 300 
Yao and Cai 
(1988) 90 45 600-3500 Brass Over 260 
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4.3 EXPERIMENTAL ARRANGEMENT 
The experimental arrangement used for the visualisation study was the same as that 
used for the infrared measurements (see Chapter 5). This arrangement consists of a 
heating facility, a droplet generator and a high speed camera (Fig.4.1). The heating 
facility comprises a stainless steel plate in good thermal contact with an electric 
resistance heater. A microprocessor-based controller adjusts the electrical supply to 
the heater to maintain a temporally uniform plate temperature. Droplets of de-ionised 
water fall onto the plate under gravity. The distance from which they fall and hence 
their approach velocity, can be adjusted. The entire heater and plate assembly can be 
angled from a horizontal to a nearly vertical orientation, allowing both normal and 
oblique impingement to be studied. Consistent droplet sizes are generated using a fine 
hypodermic. Heating of the water occurs whilst it is in the needle, and water 
temperature at the needle mouth is measured using a thermocouple. 
A high-speed optical camera is used both to observe the hydrodynamics of the droplet 
impingement and as a means to determine the droplet size and velocity on release and 
before the collision. The high speed camera used here is the Olympus i-SPEED 3. It is 
capable of capturing 150,000 fps. At frame rates up to 2000 fps, as used in the present 
experiments, the resolution is 1280×1024 pixels.  
   
Fig.4.1. Experimental Set-up 
 
The temperature of the hot surface upon which the droplets fall is measured by a 
combination of thermocouples and infrared camera for high accuracy (±2 oC). The 
droplet diameter is known with an accuracy of 4%. The droplets are spherical before 
impinging on the hot disk. That is confirmed by determining several diameters of the 
same droplet using the high speed camera software tool. The droplet mass is thus 
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known with an accuracy of 12%. The droplet velocity uncertainty varies depending on 
the velocity. It is calculated by using three successive frames from the infrared camera 
and it is approximately 6%. The Weber number uncertainty varies but it is generally 
about10-12%. The temperature of the water at exit is measured (48±0.5 oC). 
4.4 TEST CASES-RESULTS 
4.4.1  Determination of critical Weber number 
By using the high speed optical camera described above, the impingement of the 
droplet on the hot disk was observed. The experimental arrangement enables the 
observation of the phenomenon for several droplet impingement angles. Here, 
however, only the cases for a vertical droplet impingement are presented. The oblique 
angle cases were not of sufficient resolution to be given.  
A series of experiments was conducted in order to determine the critical Weber 
number for which the impinging droplets start breaking-up. These cases are 
summarised in Table 4.2.  
Table 4.2. Experimental conditions and results for the vertical impingement case 
Conditions Weber number Behaviour 
9.48
15.31
22.10
31.75
35.38
No break-up observed 
43.22 Break up incipience 
47.14
49.61
53.43
57.23
64.39
72.42
78.58
Plate material = stainless steel 
 
T=310 oC 
 
Droplet material=water 
 
Droplet T=48 oC 
 
Ddrop=2000 μm 
88.49
Break-up 
 
 
It is found in particular that the impact is more elastic when the impact speed is small. 
In the limit of very small velocities, the use of non-wetting droplets leads to a regime 
of quasi-elastic rebounds. For larger velocities, the shock can be much less elastic. 
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A large range of Weber numbers was covered. The cases observed range from those 
with no break-up at all to those where there was complete break-up and formation of 
many tiny satellite droplets (Fig.4.2).  
 
Fig.4.2.A 2 mm diameter droplet impinging vertically on to a 310 oC stainless steel 
plate. The droplet bounces off the disk after approximately 10 ms. In the first 
case (upper row of photos) the Weber number is almost 10 whereas in the 
second case, where break-up occurs, the Weber number is approximately 80. 
 
However, between these two extremes, many regimes were observed. Droplets may 
break up upon impingement or after impingement. In other cases, droplets are on the 
verge of breaking up but manage to hold together. The incipience of droplet break-up 
upon impingement was found to occur for a Weber number of 43 (Fig.4.3). This is 
very close to the observations of Yao and Cai (1988) and Hatta et al. (1995). 
However, it would seem that the critical Weber number for break up is sensitive to the 
nature of the solid surface.  The results presented in Table 4.2 and shown in Fig.4.2 
and Fig.4.3 were for an unpolished stainless steel surface. However, when 
impingement of droplets on the very smooth aluminum covered disk (aliminum 
deposited via vapour deposition) used in the heat transfer experiments (see Chapter 5) 
were investigated it was found that there was no droplet disintegration up to the 
maximum value of Weber number investigated (i.e. We= 88). 
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                                               (a)                        (b) 
Fig.4.3.Sequence of photographic images. (a) Weber number is 35 and (b) Weber 
number is 43. In the first case the droplet nearly breaks but finally gets back 
together. In the second case, the droplet breaks up and finally forms two 
satellite droplets. 
 
Of course, the critical Weber number will be affected by of other parameters such as 
the angle of droplet approach. In the present work, impacts were studied at a range of 
angles including the vertical (90o) case. It was found difficult to obtain reliable data 
for very small angles of inclination. However, some results were obtained for an angle 
of 60 o to the horizontal. For this case, droplet break up occurred for a Weber number 
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of 35 which is lower than the value of 43 obtained for vertical impacts. This reduction 
in the Weber number is consistent with the results of Yao and Cai (1988) who found 
that, the smaller the angle of approach the more prone the droplet becomes to 
breaking-up and hence the Weber number for break up is smaller. So, for the same 
droplet size and for a given normal velocity high tangential velocities make break up 
more likely. 
4.4.2 Study of droplet dynamics for non-breaking droplets 
In this section, a study of droplet dynamics during impingement is presented for the 
vertical impingement cases. This analysis was conducted in order to validate the 
experimental method and to provide a validation basis for the computational model 
used for the simulation of the phenomena. The results are compared with those of 
Biance et al. (2006) which were for similar droplet size, velocity and plate 
temperature (the Weber number has been calculated using the droplet diameter and 
the data from Biance et al. (2006) have been transformed accordingly in order to 
allow direct comparison).  
The duration of droplet proximity to the hot surface is presented in Fig.4.4 as a 
function of the droplet initial velocity. It becomes quite clear that the time the droplet 
spends in close proximity to the surface is not strongly affected by the droplet 
velocity. Rather, it is dependant on the droplet size and material as already stated in 
Chapter 3. 
As it impinges on the solid the drop deforms: it first spreads until it reaches its 
maximum extension. Then, it retracts and elongates in the vertical direction before 
leaving the surface in the opposite direction to that at which it impinged. The upwards 
velocity V ′of the droplet in the vertical direction after impact is smaller than the 
downwards velocity ( oV  ) before impact. The ratio V
' / Vo  is plotted as a function of 
Weber number in Fig.4.5. The present data indicate somewhat higher relative 
velocities after impact than do the data of  Biance et al. (2006).  
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Fig.4.4.Droplet time of proximity to the hot surface as a function of the droplet 
velocity. Comparison between the present experimental data and the data of 
Biance et al. (2006). 
 
Fig.4.5.Ratio of droplet velocity (after and before impingement) as a function of the 
Weber number. 
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After impact, the droplets spreads laterally from its initial radius Ro to form a “disc” of 
radius Rmax which then contracts to form a drop which is ejected from the surface at a 
velocity V ′  (see above). The video pictures obtained in the present experiments were 
analysed to obtain values of Rmax/Ro and the results are compared with those obtained 
by Biance et al (2006) in Fig.4.6. The present data for Rmax/Ro are seen to be in good 
agreement with the earlier data and indicate that the drop spreads on the surface to a 
radius of approximately twice the original drop radius before springing back and 
departing the surface in the vertical direction. 
 
Fig.4.6. Maximum droplet spread as a function of the Weber number. 
4.5 CONCLUSION 
An experimental study of the hydrodynamics of non-wetting droplets was presented 
here. The focus was on droplets impinging vertically on the surface. The critical 
Weber number for which droplet break-up occurs was determined experimentally and 
more detailed studies were carried out of the hydrodynamics of (non-breaking) 
droplets impinging at Weber numbers lower than this critical value. A sensitivity of 
the critical Weber number on the solid surface roughness was observed. This aspect of 
the phenomenon could be the subject of future studies. The maximum droplet 
spreading, the droplet velocity and time of proximity were investigated 
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experimentally and were found to confirm experimental results of previous 
researchers. 
 
89 
CHAPTER 5 
EXPERIMENTAL STUDIES 
INFRARED MEASUREMENTS 
 
 
 
 
 
 
5.1 INTRODUCTION 
The aim behind this experimental study is to estimate the contribution that the direct 
cooling by droplets plays in the removal of heat from the fuel in the reflood phase 
following a Design Basis Accident. The aim of the experiment is to measure the 
amount of the heat extracted by the close approach to a hot surface of a single, non-
wetting droplet. The main experimental difficulties stem from the small size of the 
droplets, the brevity of their stay near the wall, and the correspondingly small amount 
of heat they extract during this period. In this Chapter the experimental techniques 
developed for this purpose are described and the results of the measurements and of 
the associated finite element post-processing procedure are presented. Previous work 
on this subject has been extensively reviewed in Chapter 2. In Section 5.2, an 
overview of the experimental system and method is given. Then, in Section 5.3 the 
details of the experimental procedure are given. In Sections 5.4 and 5.5, the physical 
problem and the numerical procedure for the post processing of the experimental 
results are presented. Section 5.6 presents the results obtained and the associated 
uncertainty analysis is given in Section 5.7. Finally, some concluding remarks are 
given in Section 5.8.  
5.2 OVERVIEW  
In outline, the method developed to measure the small amount of heat extracted is as 
follows. For the hot wall, a slab of infra-red transparent material (calcium fluoride) is 
used. The surface exposed to the droplets is coated with a very thin metallic film. The 
temperature of the metallic film is measured through the thickness of the slab, using a 
high-speed, high-resolution infrared camera. Whilst the droplet bounces from the 
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surface the spatially and temporally varying surface temperature is recorded. With 
these measurements as the time dependent boundary condition it is possible, by 
solving the equations for the unsteady conduction of heat within the slab, to compute 
quantities such as transient surface heat flux and the total amount of heat extracted 
during the interaction. The overall experimental arrangement is shown in sectional 
view in Fig.5.1. 
 
Fig.5.1. Overall sectional view of the experimental arrangement 
 
Photographs of the equipment are shown in Fig.5.2. A droplet is dropped from above 
on to the heated disk which can be tilted at angles from 0 to 90o in order to observe 
impacts at various angles. This process is observed by a high-speed optical camera. 
The heated plate is coated on the droplet-side with a very thin (0.1 μm) layer of 
aluminum deposited by vapour deposition. This renders the surface opaque to 
infrared. The body of the disk is infra-red transparent, allowing the temperature of the 
aluminum layer to be observed by the high-speed infra red camera positioned below. 
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Fig.5.2. Picture of the experimental set-up. The IR camera is placed below the 
calcium fluoride disk. The set–up can be tilted so that the droplet impinges 
on the disk at angles from 90o to nearly 0o. 
5.3 INFRARED RELATED ISSUES 
5.3.1  Infrared transparent disk  
It is obviously necessary to select a disk of a material that is transparent to the infrared 
wavelengths of the camera adopted. Here, a calcium fluoride disk (transmission range 
between 0.13 and 9 μm) has been used, in association with a camera employing an 
infra-red spectral range of 8-9 μm. For our case, a 3 mm thick disk is selected which 
enables the infrared camera to monitor the temperature change on the upper surface of 
the disk. Additionally, the diameter of the disk is 40mm and its thermal properties are 
the following: thermal conductivity k=9.71 W/mK, density ρ=3180 kg/m3 and 
specific heat capacity cp=854 J/kgK. 
The aluminum coating applied on the top surface of the disk is deposited by vapour 
deposition. This guarantees the uniformity of the layer thickness. That is confirmed 
using the infrared camera before running any tests with droplets. 
The camera detects (through the transparent calcium fluoride disk) the temperature 
changes of the lower surface of the aluminum coating. The coating thickness has to be 
significantly thinner than the thermal diffusion depth (or thermal penetration depth) so 
that the assumption that the temperature change on the top surface of the coating is 
the same with the one sensed by the camera at the bottom coating surface is valid. 
The diameter of the disk has to be a few times (typically at least four times) bigger 
than the diameter of the droplet that will impinge on it. The maximum droplet 
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diameter used in the present work was 1.5 mm implying that the disk diameter should 
be more than 6 mm. Finally, the diameter of the disk was chosen to be 40 mm to cope 
with future studies with larger droplet size. However, since the heater had to be 
positioned around the periphery of the disk, the actual useable disk diameter was 
20 mm. 
The calcium fluoride disk has to be thin enough so as not to impair the transmission of 
the infra-red signal from the aluminium coating layer to the camera. However, the 
thickness of the disk has to be large enough for the thickness to greatly exceed the 
thermal diffusion depth for calcium fluoride for the range of temperature 
perturbations expected. The thermal diffusion depth measures the distance or 
thickness of thermal energy propagating into the surface through conduction during 
the time of the perturbation on the surface. The thermal diffusion depth is expected to 
be of the order of few hundred microns. Therefore, the thickness of the infrared- 
transparent calcium fluoride disk was chosen to be larger than 2 mm. 
5.3.2  Infrared camera and temperature data capturing 
The infrared camera must have a spatial and temporal resolution sufficient to capture 
the phenomena being studied. The most fundamental measure of camera resolution is 
the size of its sensor array and the camera employed has an array of 320x240 CCD 
sensors. The infrared optics selected is such that a region 32x24mm can be focused on 
to this array. This gives a maximum, low-frequency (50 fps), spatial resolution of 
approximately 100 μm per CCD, over the 32x24 mm region studied. However, this 
can be reduced when high temporal resolution is also required. The present 
experiments were typically operated with a spatial resolution of 100μm and over a 
spatial extent of 32x8mm, captured at a frame rate of 250 fps. It is necessary to 
calibrate the infrared system to the surface emissivity involved. An array of 
thermocouples was used for measuring disc temperatures and calibrating the infrared 
camera.  
Data from the infrared camera is generated in the form of a set of temperatures as seen 
by each CCD, corresponding to individual locations at the interface between the 
calcium fluoride plate and the aluminum coating, captured at each camera period. 
Text files of this data are provided by the camera, and downloaded into a PC using the 
camera’s proprietary software. 
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5.3.3  Heating system 
A heating and PID controller system was designed by the present author and 
manufactured by Horst GmbH in Germany. It comprises a stainless steel plate, in 
good thermal contact with an electric resistance heater. The calcium fluoride disc rests 
in a rebated hole in the centre of the stainless steel plate.  A microprocessor-based 
controller adjusts the electrical supply to the heater to maintain a uniform plate 
temperature. 
5.3.4  Droplet generation 
Droplets of de-ionised water fall onto the plate under gravity. The distance from 
which they fall, and hence their approach velocity, can be adjusted. The entire heater 
and plate assembly can be angled from horizontal to a nearly vertical orientation, 
allowing both normal and oblique impingement to be studied. Consistent droplet sizes 
are generated using a fine hypodermic, with a tip inner diameter of 140 µm 
(30 gauge), fed by an electronically controlled syringe pump (KDS100). Some 
heating of the water occurs whilst it is in the needle, and water temperature at the 
needle mouth is measured using a thermocouple. 
5.3.5  High speed optical camera 
A high-speed optical camera is used both to observe the hydrodynamics of the recoil 
(as already described in Chapter 4) and as a means to determine the droplet size and 
velocity on release and before the collision. The high speed camera used here is the 
Olympus i-SPEED 3. It is capable of capturing 150,000 fps. At frame rates used (up 
to 2000 fps) the resolution is 1280×1024 μm. 
 
More details regarding the experimental arrangement can be found in Appendix A. 
5.4 PHYSICAL ISSUES 
Our main interest is to know the amount of heat extracted by the interaction of a 
single droplet with the hot surface of the disk, and to know the local heat flux beneath 
the droplet while it is in the vicinity of the surface. These quantities are both functions 
of the transient temperature variation induced throughout the thickness of the slab (or 
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equivalently, of the transient normal component of the temperature gradient over the 
surface). 
The actual experimental measurement is of course of the time-dependent surface 
temperature of the plate during the time that the droplet is nearby, along with 
measurements of the plate temperature before the interaction. In order to obtain the 
interior temperatures, the governing three-dimensional partial differential equation 
(PDE) describing the transient temperature distribution must be solved. The 
governing equation is:  
   
 2 0p
Tk T C
t
ρ ∂∇ − =∂  (5.1) 
 
 
A properly posed problem requires specification of the initial conditions throughout 
the domain, and boundary conditions over the surface of the domain throughout the 
period of interest: 
  
 ( ) ( ), b dT d t T Ω∈ Ω =r r  (5.2) 
 
and 
 ( ) ( )0, 0T t T∈Ω = =r r  (5.3) 
  
Initial conditions are approximated by making measurements of initial (steady) 
surface temperature at a number of locations, and using interpolation as required, to 
estimate the temperature over the whole surface of the domain. These are then used as 
boundary conditions for a steady state temperature distribution analysis, to obtain an 
approximation to the initial interior temperature distribution. 
The time variation of the temperature of the upper surface of the disk in the vicinity of 
the droplet is measured by the infra-red camera. As will be discussed further below, 
any variations that did happen to occur elsewhere in this period will not affect the 
computed temperature distribution in the vicinity of the droplet. The whole procedure 
and how this is combined with the numerical procedure is presented schematically 
Fig.5.3. 
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5.5 NUMERICAL METHODS 
Both the initial steady-state problem, and the transient problem during the interaction, 
is solved using a commercial finite element code. The actual code used was 
ABAQUS. It should be noted that there are several such codes available on the 
market; the choice of ABAQUS was made on the basis that it allows the use of time-
varying boundary conditions in a thermal analysis.  
There is a number of practical issues which needed to be addressed in performing 
these analyses. The spatial variation in the vicinity of the droplet is very rapid, and a 
very fine discretisation is required there, both over the surface, and for a short 
distance into the depth of the plate. Boundary condition data is generated by the 
infrared camera at locations corresponding to the points at which each sensor is 
focused. The coordinates of these points are available from the infrared camera 
software, and routines were written to interpolate (using quadratic interpolation) 
between these to provide the necessary data at the finite element mesh locations.  
The time step in our simulations is equal to the time period between two consecutive 
frames. That is 4 ms. The computational domain is a rectangular prism encompassing 
the volume affected by the droplet impingement, and a margin around this that 
remains unaffected by the interaction. We use a structured grid of quadratic heat 
transfer elements. A grid independence analysis has been performed and the optimal 
grid was selected for the final computations. That resulted in a grid size of the order 
of 50 μm refined in the region near the upper surface of the computational domain 
where the interaction occurs. 
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Fig.5.3. Experimental procedure and Finite Element model algorithm 
5.6 RESULTS 
5.6.1  Heat transfer analysis 
5.6.1.1 Overview of cases 
In what follows, the experimental observations as well as the computed results of the 
post-processing of the experimental data are presented. The images acquired by 
means of the high speed optical camera have already been presented in Chapter 4. A 
series of infrared images for the cases of droplets impinging on the hot disk at various 
angles are presented and the detailed investigation of one of these cases is described. 
Several cases of droplet impingement were investigated. The droplet is always of the 
same size (1.5 mm in diameter) and the same initial velocity (0.53 m/s). The 
parameter that was varied is the angle of droplet approach to the disk. The angles of 
approach that have been used in the experiments are 90o, 60o, 45o, 30o, 20o and 15o. 
However, not all of the data was useable since the droplet would not always impinge 
in the field of view of the infrared camera. Also, at a later stage of the experiments, 
the calcium fluoride disk cracked due to thermal shock in several places. This last 
problem rendered several of the experiments unreliable. Nevertheless, some of the 
experiments yielded successful images and this allowed the in-depth investigation of 
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the underlying mechanisms. One such case is presented in Section 5.6.1.2 below. In 
Fig.5.4, we see the infrared snapshots of three cases of droplet impingement for three 
different angles of approach.  
 
Fig.5.4.Infrared images at different times for three different cases of droplet 
impingement on the hot calcium fluoride disk. In the first case (60o angle of 
approach), the cooling effect of the droplet is very big with a maximum 
temperature drop of the order of 60 oC. The cooled area is also very large. In 
the second case (45o angle of approach), the maximum temperature drop is 
rather less (50 oC) with a smaller area being cooled. In the last case (20o 
angle of approach), hardly any cooling effect can be observed with the 
cooled area having an elongated shape reflecting the elongated shape of the 
droplet upon impingement. 
 
As can be seen, in the first case (60o) the area cooled by the droplet is not entirely in 
the field of view. The maximum temperature drop observed via the infrared system is 
60 oC. In the second case (45o) the droplet hits the right spot and the observed cooling 
effect is entirely in the field of view with a maximum temperature drop of 47 oC. In 
the third case (20o), the cooling effect is not readily observable; additionally, when 
this test was performed, there were many cracks in the disk. 
5.6.1.2 45 degrees droplet impingement case 
One of the reliable cases investigated was that of a 1.5 mm water droplet impinging 
on the calcium fluoride disk at an angle of 45o and with a disk temperature of 397 oC. 
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This case is now discussed in detail. The droplet approaches again at an initial 
velocity of 0.53 m/s.  In all the figures presented below, the droplet approaches the 
surface from the right hand side, impinges on the disk and finally bounces off towards 
the left hand side. 
For the heat transfer analysis, as mentioned above, the infrared images are used as a 
boundary condition to the finite elements model. Those images are converted into 
ASCII temperature data files, and these files are assigned to our model throughout the 
transient heat transfer analysis. Fig.5.5 shows the original infrared images as the top 
row and the boundary conditions extracted from this for use in our finite element 
model; there is more resolution available in the text files of infra-red data than is 
apparent in the optical representation of the infra-red image in the upper row of 
pictures. 
 
Fig.5.5. Infrared images acquired by the FLIR SC3000 camera on top. Finite elements 
model contour plots corresponding to the infrared ones below. The droplet 
impinging on the hot wall is approaching at a 45o angle from the right hand 
side. The temperature profile is highly non-symmetric and the maximum 
temperature drop is 47 oC.  
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As already discussed in Chapter 2, previous researchers (Chen and Hsu (1995), Inada 
et al. (1985)) have conducted thermocouple measurements and then assumed that the 
temperature measured by the thermocouple applies over the whole region cooled by 
the droplet. It is quite clear from the infrared images obtained in the present study and 
typified by those shown in Fig.5.5 that such an assumption cannot be valid since the 
temperature profile in the droplet-cooled region varies significantly. In Fig.5.6, the 
large difference in the transient temperature profile of four points within the droplet 
cooled region is exhibited. There are regions with very high temperature drop of the 
order of nearly 50 oC and there are regions that exhibit only a 10 oC temperature drop. 
Plainly, a single-point measurement does not represent this variation at all well. 
 
Fig.5.6. Transient temperature profile for 4 points in the droplet-cooled region of the 
disk. It is very clear that the temperature profile is not symmetric.  
 
Solving the three-dimensional heat transfer problem allows the calculation of the 
propagation of the surface cooling into the inside of the disk (Fig.5.7). The cooling 
effect seems to propagate inside the disk by a distance of less than 400 μm (the disk 
thickness is 3 mm). The plane for which results are presented in Fig.5.7 is one which 
passes through point number 4 of Fig.5.6. 
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Fig.5.7. Cut view (plane x=0mm) of the finite elements heat transfer model. The 
droplet impinges at a 45o from the right hand side creating a cooling effect 
that propagates inside the solid disk. The maximum thermal penetration 
depth computed is 400 μm. 
 
The heat flux at the top of the disk can be seen in Fig.5.8. In the first phase of the 
droplet impingement one observes very high heat flux values of the order of 
4 MW/m2. The droplet though, very quickly, bounces off the hot surface and the heat 
flux drops back to very low values. Note that the heat flux would be expected to vary 
depending on the thermal properties of the surface onto which the droplet is 
impinging. Calcium fluoride is reasonably representative in this respect of fuel 
cladding.  
 
Fig.5.8. Top heat flux contours. The heat flux reaches locally very high values but 
very quickly drops to zero. 
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Fig.5.9 shows the calculated variation of the heat flux with time for the same four 
points in the droplet cooled region for which the temperature responses are given in 
Fig.5.6. Again these plots illustrate the asymmetric nature of the impingement. 
 
Fig.5.9. Transient heat flux profile for 4 points in the droplet-cooled region of the 
disk.  
5.6.1.3 Overall heat extracted during the interaction 
The actual objective of this study is to determine the overall heat extracted by a single 
droplet during this very short period of interaction with the hot disk. The amount of 
heat extracted can be estimated by integrating, over time and impact area, the heat 
flux versus time curves typified by those shown in Fig.5.9. For the 45o impingement 
case discussed in Section 5.1.6.2, results obtained using this procedure, are shown in 
Fig.5.10. After 32 ms, the amount of heat extracted has risen to 0.17 J. After 40 ms, it 
is already very close to its final value of 0.19 J. A small droplet in near contact with 
the disk can therefore withdraw a significant amount of heat. That amount of course is 
expected to be less for nearly horizontal impingements as the cooling effect becomes 
less and less (see Fig.5.6.).   
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Fig.5.10.Accumulated heat loss (cooling effect) during the time of the interaction. 
The heat loss value tends to reach a specific value and as we see here it is 
already very close to this value after 32 ms. 
5.7 UNCERTAINTY ANALYSIS 
The process by which an estimate of the amount of heat extracted is obtained is, of 
course, subject to a variety of uncertainties and these are discussed here under the 
headings of droplet heat transfer (Section 5.7.1), evaluation of initial conditions 
(Section 5.7.2), evaluation of time-dependant surface temperature (Section 5.7.3), 
uncertainty in infrared temperature measurement (Section 5.7.4) and in the 
characterization of droplet impact (Section 5.7.5). These factors combine to give an 
overall uncertainty as discussed in Section 5.7.6.    
5.7.1 Droplet heat transfer 
As will be clear from the above sections, there is a considerable amount of processing 
and analysis required to go from the raw measurements, primarily time-dependent 
surface temperatures, to an estimate of the Joules extracted by a droplet, and of the 
local heat fluxes beneath the droplet. 
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In this case, the governing equations describe the circumstances very accurately, and 
the method by which these equations are solved, namely a modern commercial finite 
element code, introduces as little error as the user wishes. For such code, solutions 
reliably approach analytical values as meshes are refined. Mesh independence studies 
have been performed, and there can be confidence that errors introduced by the 
process of solving these equations contribute only trivially to the total error. 
Opportunities for error come from uncertainties in the physical properties of density, 
specific heat and thermal conductivity; however, these are well known.  
5.7.2 Evaluation of initial conditions 
The initial conditions throughout the domain are found by performing a steady state 
heat analysis problem, using as boundary conditions temperatures at a selection of 
boundary locations. Temperatures between these locations are inferred by 
interpolation.  
Whilst strictly the transient solution requires initial conditions throughout the domain, 
in practice it is only the initial conditions close to the droplet impact location that 
have any significant influence on the predictions. Simple analysis shows that a 
characteristic thermal penetration distance can be identified as: 
  
 p
p
k
c
τδ ρ≈  (5.4) 
 
Using the relevant physical properties for calcium fluoride, and a time of 15 ms, 
characteristic of the duration of the droplet interaction, a thermal penetration distance 
of about 240 μm is calculated. It will only be initial temperatures over a region a very 
modest multiple of this dimension that play any significant role in the analysis. Note 
that this thermal penetration depth is very significantly less than the thickness (3mm) 
of the calcium fluoride slab. 
The consequence of this is that the lack of a full measured set of boundary conditions 
will do little to degrade the computation of the significant initial conditions. The  best 
knowledge of boundary conditions is over the region of droplet impact, where the 
infrared camera is focused, and consequently the calculation of interior temperatures 
within the first millimetre or two from that portion of the surface is very little 
influenced by the less than complete boundary condition data, and the necessary 
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interpolations between these points.  Numerical tests confirmed this. Typically 
perturbations in remote temperatures by one degree did not change interior 
temperatures just beneath the droplet impact. 
The dominant source of uncertainty in the interior temperatures is the infrared 
measurement of the temperatures at the upper surface of the disk. Since this is of 
wider significance, it will be addressed separately.  
5.7.3   Evaluation of the time dependent surface temperature 
For the same reasons as discussed above, during the transient calculation, over most 
of the surface the temperature that was used in the computation of the initial, interior 
temperature, conditions is retained. The only transient measurements used in the 
computation are the time-dependent surface temperatures measured by the infrared 
camera. In the next section, an attempt is made to quantify these uncertainties, and to 
quantify the consequences of this uncertainty on the computation of the heat 
extracted. 
5.7.4 Uncertainty in the infrared surface temperature measurement 
The times at which the temperatures are reported are controlled by the circuitry in the 
infrared camera. This is believed to be of a high accuracy compared to other 
measurements made, and is not addressed further. 
There are two main parts to the uncertainties in the temperatures themselves. There is 
an initial calibration made to account for the unknown surface emissivity of the 
material. This does introduce some uncertainty, but it is this uncertainty that will 
remain essentially constant, affecting equally the calculation of the initial conditions, 
and the subsequent boundary conditions. Since both the surface heat flux, and the 
number of Joules extracted, both depend essentially upon differences between 
infrared temperature measurements, any constant offset associated with errors in the 
initial calibration will have a very small effect in those quantities. 
There is an uncertainty in the temperatures measured by the infrared camera that the 
manufacturer quotes as being approximately ±2 oC. It is not clear from the data 
provided if this value is a more or less uniform and systematic value over all the CCD 
sensors, or if an uncertainty of this amount is applicable at random to each sensor at 
each time step. 
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Taking a conservative approach, calculations have been performed where for both the 
initial steady-state calculation, and at every time step, each sensor has its measured 
temperature perturbed by  ±2 oC which is the quoted uncertainty. 
For the sample set of results quoted above, the changes in heat extracted are 
represented as error bars in Fig.5.10 and are of the order of 15-20%. The changes in 
peak surface heat flux are of the same order. 
5.7.5 Droplet impact characterization 
When associating it with a particular amount of heat transfer, we obviously need to 
characterize the droplet and its impact. The main quantities here needing to be 
evaluated are the droplet size, temperature, approach direction and speed. 
The droplet size is evaluated by examination of the optical images taken, and of 
images with a graduated scale at the drop location. The uncertainty in the estimate of 
the diameter of a droplet of diameter of ~1.5 mm is approximately ±2 pixels (1 pixel~ 
30 μm), which in other words means 4%. This corresponds to an uncertainty in mass 
of up to about 12%. The droplets are spherical before impinging on the hot disk. That 
is confirmed by examining several droplet diameters of the same droplet using the 
high speed camera software tool. 
The approach velocity is determined by observing displacement changes between 
successive frames of the high-speed optical camera.  The best estimate of the accuracy 
of this process is that the measured approach velocity, of order 0.53 m/s is being 
estimated to an accuracy of about ±6%. 
The droplets approach the surface vertically under gravity, and in the context of the 
other measurements, there is no significant uncertainty in the knowledge of the 
orientation of the calcium fluoride slab and hence approach angle. The droplets 
approach the surface at an angle of 45o±0.02o.  
The temperature of the water reservoir is known.  However, the water spends some 
time in a fine hypodermic needle, in proximity to the heated plate. Radiant and 
convective heating of the needle in turn warms the water within. The temperature of 
the water at exit is measured and is typically 50 oC. The uncertainty in the temperature 
of the droplet on release is approximately ± 0.5 o C.  
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5.7.6  Overall uncertainty 
The combination of the fact that it is only very local temperature perturbations which 
matter and the fact that it is primarily temporal and spatial differences in temperature 
that affect the quantities sought,  results in the uncertainty in the heat extracted and in 
the heat flux being relatively small, of order 15%. 
There is a rather greater uncertainty in the characteristics of the droplet with which 
this heat extraction is associated. The main one amongst these is droplet mass, largely 
because it of course depends upon the cube of the diameter, the quantity which is 
measured. It is estimated that the reported mass is subject to an uncertainty of about 
12%. 
5.8 CONCLUSIONS 
The methods developed here seem capable of giving direct measurements of the very 
small amounts of heat extracted during the very brief interactions of a water droplet 
bouncing, without wetting, from a hot surface. Heat extractions of order 0.19 J, over a 
period of about 40 ms, can be measured with uncertainties of about 15-20% percent. 
It is obvious that the substrate used in our experimental study is much less conductive 
than Zircaloy (the material used for the fuel rod cladding) or any other similar metal. 
For Zircaloy, the thermal conductivity is 21.5 W/mK. Keeping in mind that the aim of 
this study is to find the amount of heat extracted by the non-wetting droplet during the 
reflood phase in the dispersed flow regime area, using the results extracted for a much 
less conductive material seems rather odd. However, the use of the material in our 
experiment was imposed by the experimental method itself and the use of a metal 
with properties similar to Zircaloy or even Zircaloy would render these experiments 
impossible. Additionally, the flow conditions during reflood are different from the 
conditions in our experiments. However, the result of these experiments are used for 
the validation of a computational model which could then be used to simulate cases 
where the substrate is Zircaloy and the flow conditions are those encountered during 
reflood. Such results are presented in Chapter 7. 
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CHAPTER 6 
COMPUTATIONAL MODEL 
 
 
 
 
 
 
6.1 INTRODUCTION 
The purpose of this chapter is to give an insight to the mathematical formulation of 
the physical problem under investigation in this study as well as to describe the 
numerical algorithm employed for the simulations of this physical problem. 
The physical phenomenon modelled here is that of a droplet (liquid, l) in a gaseous 
environment (gas, g), impinging on a very hot ( s LeidT T≥ )1 solid substrate (solid, s), 
as seen in Fig.6.1. This means that there are three distinct phases; the study is 
concerned with the interactions of mass, momentum and heat between them. 
Radiation is not taken into account in this study. To model this complex phenomenon 
efficiently, the interface between the droplet and the gas surrounding it must be 
captured and then, of course, the interface between the fluid and the solid domains 
must be represented. 
 
Fig.6.1. Schematic representation of the physical phenomenon modelled here. 
 
That is achieved here by means of an interface tracking method, the Level Set method 
and the details of the application to the specific problem are explained below. For the 
flow field solution, the Navier-Stokes equations are solved here and for the heat 
                                                 
1  Here, TLeid is the temperature above which the droplet/surface interaction does not involve wetting of 
the surface by the drop. This is one definition of the Leidenfrost temperature – see Chapter 2 for a 
discussion of alternative definitions. 
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transfer both at all interfaces and inside the solid, gas and liquid, the energy equation 
is solved. The details of the mathematical model are given in Section 6.2. 
The numerical algorithm used for the simulations is also explained in this chapter 
(Section 6.3). An overview of the discretisation schemes, the solution procedure, the 
boundary conditions and all other characteristics relevant to our simulations are given. 
The general capabilities of the algorithm are also listed briefly. Finally, in Section 6.4, 
the numerical schemes and methods chosen for the series of simulations presented in 
this study are summarised.  
6.2 MATHEMATICAL FORMULATION  
6.2.1    Droplet tracking and liquid-gas interface 
Capturing the interface between the droplet and the surrounding gas involves the use 
of an interface tracking method appropriate for fixed Eulerian grids. Here, the Level 
Set method (Osher and Sethian (1988)) is employed. This interface tracking method is 
based on two central embeddings, which can be summed up as follows: 
• The interface is treated as the zero-level set of a higher dimensional functionφ . 
• The interface velocity is extended to this higher dimensional function. 
More specifically, assuming a moving closed hyper-surface ( )tΓ  propagating with a 
velocity F in its normal direction, an Eulerian formulation for the motion of this 
surface is obtained. Then, d±  is considered to be the signed distance to the interface. 
If the propagation of this interface is described by the zero-level set of the 
aforementioned functionφ , then the following initial-value partial differential 
equation can be written for the evolution ofφ :  
   
 0j
j
F
t x
φ φ∂ ∂+ =∂ ∂  (6.1) 
( ,0)xφ   given   and Nx R∈  
 
 The advantages of this approach include:  
• Topological changes developing in the front ( )tΓ  are treated successfully in a 
natural way as the position of the propagating front at time t is given by the zero-level 
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set ( , , , ) 0x y z tφ = . As t advances, the zero-level set can merge or break without any 
problems being created in the solution. 
• This formulation remains unchanged for higher dimensional problems, in other 
words, two- and  three- dimensional problems are in no way handled differently. 
• The approximation of geometric quantities such as the normal vector jn  and the 
curvature κ are eased by the use of derivative operators applied to the functionφ . 
Here, the Level Set function fφ  is used in order to separate the liquid and the gaseous 
phases. The gas-liquid interface is represented by Γ={ }( , ) 0fx x tφ = . In other words, 
the free surface of the droplet is designated by the set of points where 0fφ = .  
 
 
0 for in the liquid phase
0 for in the gas phase
0 for at the interface
f
f
f
(x,t) x
(x,t) x
(x,t) x
φ
φ
φ
>
<
=
G G
G G
G G
 (6.2) 
 
Properties such as density ( ρ ), viscosity (μ ) and thermal conductivity (λ ) are 
constant in each phase and are assigned their respective different values by means of 
the fφ function. Respectively they can be written as follows: 
 
 ( ) ( ) ( )f f g l g fHρ φ ρ ρ ρ φ= + −  (6.3) 
 ( ) ( ) ( )f f g l g fHμ φ μ μ μ φ= + −  (6.4) 
 ( ) ( ) ( )f f g l g fHλ φ λ λ λ φ= + −  (6.5) 
 
where the superscripts l and g denote the liquid and the gas phase, respectively and 
H( fφ ) is a smoothed Heaviside function defined as follows: 
 
 
g
g
g
g
0 if
1 2( ) 1 tanh( ) if
2
1 if
f l
f
f f l
l
f l
H
φ δ
φφ φ δδ
φ δ
⎧ < −⎪ ⎡ ⎤⎪= + ≤⎨ ⎢ ⎥⎣ ⎦⎪⎪ >⎩
 (6.6) 
 
where glδ  is the liquid gas finite interface thickness. 
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The motion of the interface moving with velocity intju  is captured by evolving the 
Level Set equation (a Hamilton–Jacobi type convection equation) in the 
computational domain as already seen in the general form above (Eq.(6.1)). 
Every advection step causes numerical expansions and compressions in the Level Set 
function which then ceases to be a distance function. This introduces error both in the 
surface tension estimation and in the calculation of properties. To restore the correct 
behaviour near the interface an iterative re-distancing procedure is performed. During 
this process the Level Set function fφ  is set to be equal to a distance function d that is 
defined as the signed distance function from a given point in the computational 
domain to the interface between the two phases. In that context, the following 
equation has to be integrated to steady state (Sussman et al. (1994)): 
 
 
sgn( )(1 ) 0
( , 0) ( , )
o
f
o
d d d
d x x t
τ
τ φ
∂ − − ∇ =∂
= =G G
 (6.7) 
 
The actual numerical schemes used for the solution of the aforementioned equations 
are described below.  
6.2.2    Solid substrate representation and solid-fluid interface 
The Immersed Surface (IS) is represented on the fluid grid by a Level Set 
function ( )sφ , where 0sφ =  represents the fluid-solid interface. sφ  is a signed 
distance function which is positive in the solid phase and negative in the fluid phase. 
The equations in the solid and fluid domain are combined using a smooth Heaviside 
function ( )sH φ  which has the value 1 in the fluid phase and the value 0 in the solid 
phase. In between ( )sH φ  is given by the following expression: 
 
 ( ) 1 21 tanh2
s
s
sfH
φφ δ
⎛ ⎞⎛ ⎞= −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
 (6.8) 
 
where sfδ  is the solid fluid finite interface thickness.  
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6.2.3    Solid and fluid field equations 
For the solid domain, having the aforementioned representation, the following 
equations are used: 
 ( ) 0s s sj
j
u
t x
ρ ρ∂ ∂+ =∂ ∂  (6.9) 
 ( ) 0s s s s si i j
j
u u u
t x
ρ ρ∂ ∂+ =∂ ∂  (6.10) 
 
For the case of non-moving immersed surfaces (as in the case examined in this study), 
the solid phase velocity is set to zero ( )0siu = . 
For the fluid phase the standard Navier-Stokes equations are used. 
 
 ( ) 0f f fj
j
u
t x
ρ ρ∂ ∂+ =∂ ∂  (6.11) 
 
 ( ) ( )2f f ff f f f f fi i j ij i
j i j
u pu u S g
t x x x
ρ ρ μ ρ∂ ∂ ∂ ∂+ = − + +∂ ∂ ∂ ∂  (6.12) 
 
The solid and fluid equations are multiplied by the Heaviside function of Eq. (6.8). 
Then, the composite quantities ρ  and ju  are defined as: 
 
 ( ) ( )( )1s f s sH Hρ φ ρ φ ρ= + −  (6.13) 
 ( ) ( )( )1s f f s s si i iu H u H uρ φ ρ φ ρ= + −  (6.14) 
 
The resulting equations are then added and by taking into account that:  
 
 
( ) ( ) ( )( ) ( )
( ) ( )
2 2 2
2 2
f f f f f f
s ij s ij ij s j
j j
f f
ij ij s j
j
H S H S S n
x x
S S n
x
φ μ φ μ μ δ φ
μ μ δ φ
∂ ∂= −∂ ∂
∂= −∂
 (6.15) 
 
The following equations are obtained: 
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 ( ) 0j
j
u
t x
ρ ρ∂ ∂+ =∂ ∂  (6.16) 
 
( ) ( ) ( )
( ) ( )
2
2
f
si
i j ij
j i j
s f f f s
i ij j
u pu u H S
t x x x
H g S n
ρ ρ φ μ
φ ρ μ δ φ
∂ ∂ ∂ ∂+ = − +∂ ∂ ∂ ∂
+ −
 (6.17) 
 
For the solution of these equations, information can be found in the user manual of the 
computational algorithm (Narayanan (2008)).  
The last term in the RHS of Eq.(6.17) is a viscous shear at the wall, where jn  is the 
normal to the fluid-solid interface ( jn
φ
φ
−∇= ∇ ) and ( )sδ φ is the Dirac delta function 
representing the location of the interface. The wall shear itself is modelled as 
(Beckermann et al. (1999)): 
 
 ( ) ( )2 2f f f siij j f s
uS n
H
ρμ μ δ φρ φ
⎛ ⎞= ⎜ ⎟⎝ ⎠  (6.18) 
6.2.4    Heat transfer formulation  
During the interaction of a droplet with a very hot solid substrate there is heat transfer 
occurring inside the droplet (if we consider the droplet to be subcooled), there is heat 
transfer in the vapour (both surrounding vapour and vapour layer underneath the 
droplet) and there is heat transfer inside the solid. Most importantly, though, what 
needs to be taken into account when modelling such a phenomenon is the interfacial 
heat and mass transfer at the liquid-gas interface. That interfacial heat transfer is 
significantly larger at the lower part of the droplet where the vapour becomes 
superheated very quickly due to the proximity to the superheated wall. This heat 
transfer is responsible for the evaporation of the liquid and consequently the vapour 
generation. In other words, there is a mass transfer associated with the heat flux at the 
liquid-gas interface. As a result, there is also a momentum transfer at the interface. 
A key point in the modelling procedure of this phenomenon is the mechanism of 
vapour generation at the bottom of the droplet when it comes close to the wall and the 
appearance of a thin vapour layer there able to sustain the droplet and prevent it from 
touching the wall (Fig.6.2).  
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Fig.6.2. Heat and mass transfer for the droplet in close proximity to the hot wall. 
 
In the present model radiation is neglected, although for the range of wall 
temperatures considered (300-600 oC) radiation could have a small effect. Radiation 
would be the dominant heat transfer mechanism for temperatures over 800oC.  
In the present case, the energy balance is the following: 
 
 cq mL′′ =   (6.19) 
 
Then, the mass flux at the interface can be written as: 
 
 
(int)
j jq nm
L
′′ ⋅=  (6.20) 
 
where L  is the latent heat of vaporisation and (int)q′′  is the heat flux at the liquid-gas 
interface. The mass flux at the interface can be re-written as: 
 
 
( ) ( )(int)2 f f fT Tm L
λ δ φ−=  (6.21) 
 
Additionally, there is a temperature jump at the liquid-gas interface. That can be 
written in the following form: 
 
 
( ) ( )(int) ( ) 1
2
f
sat
F
T T
L
ρ κ φ σ⎛ ⎞⎜ ⎟= +⎜ ⎟⎝ ⎠
 (6.22) 
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where ( ) 1 1g lF ρ ρ ρ= +  and ( )
f
f
f
φκ φ φ
∇= ∇⋅ ∇  is the interface curvature. The 
temperature distribution can be seen in the schematic of Fig.6.3. 
 
 
Fig.6.3. Schematic of temperature distribution in the model. 
 
Then, the energy equation Eq.(6.25) is solved everywhere inside the computational 
domain augmented by a surrogate equation (Eq.(6.23)) to ensure that a constant 
temperature field remains constant in the presence of source terms since the quantity 
( )pcρ is highly discontinuous . 
 
 
( ) ( ) ( )p s mp j T
j j j
c T Tc u T H S
t x x x
ρ ρ λ φ∂ ∂ ∂ ∂+ = +∂ ∂ ∂ ∂
  (6.23) 
 
Where the source term in the right hand side accounts for the mass transfer and is 
given as follows: 
 
 ( ) ( )int
p
m f m
T cS mL T Sδ φ= − +   (6.24) 
 
 
( ) ( ) ( ) pp s mp j c
j
c
c u H S
t x
ρ ρ φ∂ ∂+ =∂ ∂
  (6.25) 
 
The quantity ( )pcρ  is given by an equation similar to Eq. (6.14) and the term on the 
right hand side is given by:  
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 ( ) ( ) ( )
p
f f fm f f
c p pf f
mS c cρφ δ φ ρ ρρ ρ
⎧ ⎫Δ= ∇ −Δ⎨ ⎬⎩ ⎭
   (6.26) 
 
Where f l gρ ρ ρΔ = − . Then, the Level Set equation can be re-written as follows: 
 
 
f f
m
j
j
u S
t x φ
φ φ∂ ∂+ =∂ ∂
  (6.27) 
 
The source term in the right hand side is given in the following equation: 
 
 m fmSφ φρ= − ∇
   (6.28) 
6.3 NUMERICAL ALGORITHM  
6.3.1    Overview of the TransAT© code  
The computational tool that has been employed in all our simulations is the 
computational algorithm TransAT© developed at ASCOMP GmbH. TransAT is a 
multi-physics, finite-volume (FV) code based on solving multi-fluid Navier–Stokes 
equations. The code uses structured meshes, though it allows for multiple blocks to be 
set together. The grid arrangement is collocated. The solver is pressure based 
(projection type), corrected using the Karki–Patankar technique (Karki and Patankar 
(1989)) for compressible flows (up to transonic flows). High-order time marching and 
convection schemes can be employed, and up to third-order monotone schemes in 
space. Either the Level Set or the Volume of Fluid Interface Tracking Methods (ITM) 
can be employed in the code to track evolving interfaces. In the present work, the 
Level-Set method was employed. 
TransAT© has both RANS (Reynolds Averaged Navier-Stokes) and LES (Large Eddy 
Simulation) capability. It is mainly used for the modelling of incompressible flows but 
has a compressible flows modelling capability which currently extends only to steady, 
single-phase flows. TransAT can also model Non-Newtonian fluids. Additionally, it 
has Lagrangian particle tracking capability and can also account for particle 
dispersion using the Langevin model. Both explicit and implicit schemes can be 
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employed and the code can run in parallel in several cores using either shared memory 
(OpenMP) or distributed memory (MPI). 
More specifically, in the simulations conducted for the study presented here, the 
RANS, explicit, two-phase flow capabilities of TransAT were used. The details of the 
algorithm characteristics relevant to our simulations are presented below. 
6.3.2    Domain Discretisation 
TransAT employs the Finite Volume method (FV) for the representation and the 
evaluation of the partial differential equations (PDE) in the form of algebraic 
equations. The flow field is discretized into a finite number of cells (control volumes) 
by a structured Cartesian grid. The code adopts the practice of identifying the grid 
lines as cell faces and placing the computational node at the geometric centre of each 
cell. The dependent variables are evaluated at discrete points of the computational 
domain, each one associated with one control volume. The centre P of a given control 
volume corresponds to the discrete point (i, j) and its neighbouring points correspond 
to the following nodes (Fig.6.4):  
• W: located in the west of  P, with coordinates (i-1,j) 
• E : located in the east of  P, with coordinates (i+1,j) 
• N : located in the north of  P, with coordinates (i,j+1) 
• S : located in the south of  P, with coordinates (i,j-1) 
When the problem is three dimensional, T (top) and B (bottom) nodes are also 
present. 
 
Fig.6.4. Typical Control Volume centred at node P 
 
In the type of grid (collocated) used in TransAT, there is a common control volume 
for all the variables; all dependent variables are located at the centre P of the control 
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volume. The neighbouring control volumes are denoted by W, E, S and N (T and B 
for three-dimensional cases) (Fig.6.5):  
 
Fig.6.5. Collocated grid arrangement 
6.3.3    Governing Equations  
The partial differential equations governing unsteady incompressible flows in 
orthogonal coordinates may be written in the following general form: 
 
 ( ) ( ) 1,2,3i i
i
C D S i
t x
ρ
Φ Φ
∂ Φ ∂+ Φ + = =∂ ∂  (6.29) 
 
where the coefficient iC  is related to convection, iDΦ  is related to diffusion and the 
source terms are SΦ . Eq. (6.29) applies firstly for the continuity equation. Then if 
1 2, 3,V V VΦ = , Eq. (6.29) represents the Navier-Stokes equations for laminar flows and 
the Reynolds equations for turbulent flows for which the velocities are time-averaged. 
Also, if ,k εΦ =   the turbulent kinetic energy k and its dissipation rate ε are subsumed 
into Eq. (6.29) (k-ε model). Finally, for the transport of a scalar quantity sΦ =  such 
as temperature, enthalpy, species concentration, level set, Eq. (6.29) is again used. All 
equations are of conservative form in which all terms arising from the divergence 
operator are under differential operators and there are no second-derivatives of 
coordinates which are very sensitive to grid smoothness. 
6.3.4  Equation Discretisation 
6.3.4.1 Flux balance equations 
It is an inherent characteristic of the Finite Volume method to transform PDEs to 
algebraic ones. These resulting algebraic equations relate the value Φ at a grid point P 
to the values in the neighbouring control volumes. This is obtained by integrating Eq. 
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(6.29) over a typical control volume and approximating various terms in that 
integration in a way such, that the final discrete conservation equation is expressed in 
terms of a balance of convective and diffusive fluxes. More precisely, the total flux 
entering the control volume is balanced with the total flux leaving the control volume. 
The total flux of Φ across the cell faces in x and y directions is denoted by Ij : 
 
 , , ,j j jI C D with j w e n sΦ= Φ + =  (6.30) 
 
In the present case, the last diffusive term of Eq. (6.30) is neglected. In a typical 
control volume, the lowercase letters e, w, n, s denote the four faces of the control 
volume. In three dimensions, two more faces are added, t and b for top and bottom 
respectively. So, integrating Eq. (6.29) over a control volume P leads to a flux balance 
given by the following equation: 
 
 ( ) ( )1n nP P P P e e w w n n s sV I A I A I A I A S Vtρ ρ
+
Φ
Δ⎡ ⎤Φ − Φ + − + − = Δ⎣ ⎦ Δ  (6.31) 
 
where the A symbols denote the areas of the four control-volumes faces. The volume 
of the control volume is given by ΔV. The average source term over the control 
volume is denoted by SΦ . Each of the total fluxes I across the cell-face contains a 
convective contribution CfI  and a diffusive contribution
D
fI . 
 
 C Df f fI I I= +  (6.32) 
 
6.3.4.2  Approximation of convection terms 
The discretisation of fluxes yields interfacial values of Φ (Φe, Φw, Φs, Φn) and their 
normal and cross derivatives. Consequently, it is necessary to approximate the 
variation of the variable Φ between two adjacent nodes according to an adequate 
scheme. The convective contribution can be written as follows: 
 
 Cf f fI C= Φ  (6.33) 
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where Cf is the mass flux across the cell-face f and can be computed for w, e, s and n 
faces: 
 
 
( )
( )
( )
( )
w w w
e e e
s s s
n n n
C u
C u
C u
C u
ρ
ρ
ρ
ρ
=
=
=
=
 (6.34) 
 
For each variable Φ, the mass flux Cf is obtained by interpolation between the 
neighboring cell-centered velocities and densities. 
6.3.4.3 Approximation of diffusion terms 
Briefly, one could say that the way to approximate the diffusion terms resembles the 
one followed for the approximation of the convective terms. The diffusive flux DfI  in 
Eq. (6.32) can be divided into two parts: 
 
 D DN DCf f fI I I= +  (6.35) 
 
The first term on the right-hand side of Eq. (6.35) contains only the first derivative of 
Φ in the direction “normal” to the cell-face f. It can be written, for the e-face, for 
instance, as: 
 
 ( )DNe e E PI D= Φ −Φ  (6.36) 
 
where, assuming that the diffusion coefficient φΓ  is regarded as uniform over each 
volume: 
 
 [ ]/ ( ) ( )e e e eeD x where x x xδ δ+ −Φ= Γ Δ Δ = +  (6.37) 
 
A more appropriate way for determining De involves a weighting procedure (Patankar 
(1980)): 
 
1
( ) ( )e e
e
E P
x xD δ δ
−+ −⎡ ⎤= +⎢ ⎥Γ Γ⎣ ⎦
 (6.38) 
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The second term DCfI  contains all the remaining terms. Only the normal derivative 
diffusion flux DNfI , is coupled with the convective flux, 
C
fI , to calculate the main 
coefficients of the difference equations, while the cross-derivative diffusion flux, 
DC
fI , is treated explicitly as a pseudo-source term to avoid the possibility of negative 
coefficients in an implicit treatment.  
6.3.4.4 Approximation of source terms 
The source terms are linearized in the following way: 
 
 U P PS S S φΦ Φ Φ= +  (6.39) 
 
The coefficient PSΦ  is defined so that it is by no means greater than zero for all the 
conservation equations and USΦ  assumes non-negative values for the equations 
governing the transport of inherently positively variables such as the turbulent kinetic 
energy (k) and its rate of dissipation (ε). The volume integral of the source term can be 
approximated as: 
 
 U
V
S dV S V S VΡΦ Φ Φ ΡΔ ≅ Δ + Δ Φ∫  (6.40) 
 
6.3.4.5 Discretisation of the continuity equation 
The flow rates through the faces of the control volume should satisfy the discretized 
form of the continuity equation which is the following: 
 
 ( ) ( )1 0n nP P e e w w n n s sV C A C A C A C Atρ ρ
+ Δ⎡ ⎤− + − + − =⎣ ⎦ Δ  (6.41) 
 
where the C symbols stand for the flow rates crossing the control-volume faces as 
defined in Eq.(6.31). This is the general form of the equation. Because incompressible 
flow conditions are assumed in the present work, the time-derivative term will be 
neglected. So, the new equation will be: 
 
 0e e w w n n s sC A C A C A C A− + − =  (6.42) 
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6.3.4.6 Overall form of the discretised equations 
Finally, all the terms are replaced in Eq. (6.31) by their discretized analogues. What 
results is the following difference equation: 
 
 P P nb nb u
nb
F F SΦ = Φ +∑  (6.43) 
 
where nb= W, E, N, S. The general expressions for the coefficients F are the 
following: 
 
 
( ) max( ,0)
( ) max( ,0)
( ) max( ,0)
( ) max( ,0)
E e e e e
W w w w w
N n n n n
S s s s s
F D A Pe C A
F D A Pe C A
F D A Pe C A
F D A Pe C A
= + −
= + −
= + −
= + −
 (6.44) 
 
The function A(Pe) may be transformed according to the selected scheme. Moreover, 
the D coefficient mentioned in the previous equations represents the diffusive part of 
the phenomenon and therefore is not taken into account in the case of phase change, 
whereas in the other cases examined in this study it is not ignored. So, these equations 
are written: 
 
 
max( ,0)
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max( ,0)
max( ,0)
E e e
E e e
E e e
E e e
F C A
F C A
F C A
F C A
= −
= −
= −
= −
 (6.45) 
 
6.3.5 Discretisation Schemes 
Within TransAt, there is a wide range of first-order accuracy schemes. The Upwind 
Scheme (UDS), the Hybrid Scheme (Spalding (1972)) as well as the Power-Law 
Scheme of Patankar (1980), which are available, although robust, should be avoided 
in cases of high Peclet numbers (convection dominated flows). On the contrary, there 
is a variety of high-order schemes (2nd and 3rd order) that ensure a reasonable 
compromise between accuracy and stability. Such examples are the unbounded 
QUICK scheme of Leonard (1979), which is of third-order accuracy and the bounded 
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HLPA scheme of Zhu (1991), which is of second-order accuracy. This scheme 
combines the central and QUICK differencing schemes, with the switch from one 
scheme to the other being controlled by an upwind-biased normalized variable. 
Schemes of 4th- and 5th- order accuracy are generally less stable although they are 
available in the code.  
6.3.6    Pressure-Velocity Coupling 
The successful use of the collocated grid arrangement relies on the way that the 
coupling between the pressure and velocity fields in the discretised momentum and 
continuity equations is achieved. TransAT uses the SIMPLE algorithm (Patankar and 
Spalding (1972)) and the momentum interpolation procedure of Rhie and Chow 
(1983) to achieve such a coupling. 
6.3.7    Boundary Conditions 
There are several types of boundary conditions within the code, varying with the case 
under simulation. In the present case of simulating heat transfer, phase change and 
droplet dynamics, the most commonly encountered boundary conditions are: outflow, 
symmetry, rigid wall and for heat transfer there are the Dirichlet and Neumann 
boundary conditions. These boundary conditions are specified for all dependent 
variables except for the pressure, which is evaluated by linear extrapolation at all the 
nodes, using the values at interior nodes. 
Outflow: In the outflow planes the streamwise gradients of all variables are set to zero, 
implying a fully developed flow condition.  
Symmetry: In the symmetry planes, the normal velocity component and the normal 
gradients of other variables are set to zero. The convective and normal diffusive 
fluxes are also explicitly set to zero. 
Rigid wall: At the rigid walls, the no-slip condition is used for laminar flows. In other 
words, the velocity components of the flow are set to those of the wall. The standard 
wall-function approach (Launder and Spalding (1974) is used for turbulent flows. For 
laminar flows, the wall shear stress wτG  is to be related to the velocity vector parallel to 
the wall uG  by the following relationship: 
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  with  w w w w
n
u
y
μτ λ λ= − =G G  (6.46) 
 
where the w-subscript denotes the first control volume centre from the wall and yn 
refers to the distance which is normal to the wall. 
Heat transfer: When a Dirichlet boundary condition is assigned at a boundary then the 
temperature value is assigned at all nodes. When a Neumann boundary condition is 
assigned at a plane then a heat flux value has to be prescribed to the nodes in that 
plane. 
6.3.8    Thin-film thickness   
For flows with very low Capillary numbers, there exists a thin water film between the 
gas phase and the wall (or liquid phase and wall). This film can typically not be 
resolved by the near-wall grid. In this case, TransAT has the possibility of specifying 
a minimum film thickness for a wall boundary (and/or for an embedded interface) 
(Fig.6.6). The viscosity of the film-boundary wall is set so as to satisfy the shear 
according to Couette flow. For the liquid film condition we get: 
 
Fig.6.6. Schematic for thin film boundary condition 
 
 
 
( )g l g leff
g g l l
μ μ δ δμ μ δ μ δ
+= +  (6.47) 
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6.3.9   Pressure Solver 
The basic pressure solver available in TransAT is the SIP (Stone’s Implicit Procedure) 
solver. The geometric multigrid solver (GMG-SIP) uses the SIP solver at every 
multigrid level. The most efficient pressure solving method within TransAT is the 
GMRES method preconditioned either by SIP or by GMG SIP. 
6.3.10   Time Stepping 
The time stepping schemes available within TransAT vary depending on the type of 
the simulation. For explicit time stepping both the Euler (up to second order) and the 
Runge-Kutta (up to 6th order) schemes are available. For implicit time stepping only 
the Euler schemes are available.  
The time step of a simulation can be either fixed or adaptive. For unsteady two-phase 
flow simulations, like in our case, the use of the adaptive time stepping facility is 
crucial. The time step adaptation is controlled by the user by specifying the maximum 
and minimum limits for grid-based, non-dimensional numbers such as the CFL 
number for advection. More specifically, those grid-based numbers are defined as 
follows: 
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where effμ  includes the material viscosity and the turbulent viscosity or other 
modifications to the local viscosity. 
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For each of the non-dimensional numbers, the maximum over all directions and over 
the whole computational domain is taken to control the time-step. 
6.3.11   Reinitialisation 
For the reinitialisation of the level set function the 3rd order WENO (Weighted 
Essentially Non-Oscillatory (ENO)) scheme is used (Jiang and Shu (1996)). WENO 
schemes are designed for problems with piecewise smooth solutions containing 
discontinuities. The key idea lies at the approximation level, where a nonlinear 
adaptive procedure is used to automatically choose the locally smoothest stencil, 
hence avoiding crossing discontinuities in the interpolation procedure as much as 
possible. 
6.3.12   Mass Conservation 
Mass loss is due to the reinitialisation process which results in the movement of the 
zero level set. A global mass correction technique is applied at the whole spread the 
interface whereas a local mass correction aims at conserving mass at specific interface 
locations separately (Sussman and Fatemi (1999)). Additionally, both of these 
techniques can be used at the same time as a combination (Takahira et al. (2004)). 
That last option is preferred as the use of only the global mass correction scheme 
allows the error occurring at one interface location to spread out to the whole 
interface.  
The algorithm has been tested extensively in the past for simple phase change 
problems in order to examine the mass conservation capability of the methods 
applied. The error in mass conservation was found to be very low and the gas volume 
predicted by the model for typical cases such as the Stefan problem (with 
condensation of gas over liquid and vice versa) was found to match the analytically 
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expected value (Chatzikyriakou (2004)). For the present study, the mass conservation 
capability of the model is shown in Appendix B. 
6.3.13   Shared Memory Parallelisation  
OpenMP fine-grained parallelism has been implemented in TransAT. It is effective 
only if a certain number of grid points exist for each core/node. TransAT 
automatically sets the number of threads to a lower value of there are not enough grid 
points (~100,000 grid points are assumed to be needed for each core). 
6.4 PRESENT SELECTION OF PARAMETERS 
After this short description of both the mathematical model and the computational 
algorithm, we now indicate the specific schemes and solver types that were used in 
our studies. More details for each series of simulations will be given in the following 
chapter where the numerical results are listed. However, there is general line along 
which all our simulations were conducted and that is summarised in Table 6.1. 
 
Table 6.1. Simulation characteristics 
Advection schemes 
3rd order QUICK (for the Level Set) 
HLPA for the rest 
Explicit scheme 3rd order Runge Kutta 
Pressure solver GMRES 
Preconditioner  Multigrid 
Time-stepping Adaptive 
Parallelisation 8 nodes (OpenMP) 
Flow Laminar 
Reinitialisation method 3rd order WENO scheme 
Interface width 1 cell 
Mass correction Local and global 
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The specific details of each computation are referred it in the next chapter along with 
the numerical results. 
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CHAPTER 7 
COMPUTATIONAL RESULTS 
 
 
 
 
 
 
7.1 INTRODUCTION 
In this chapter the work conducted with the computational algorithm TransAT© 
(described in Chapter 6) is presented. One significant new feature in the contribution 
described here lies in the fact that the vapour layer underneath a non-wetting droplet 
is simulated by direct solution of the transport equations and not by means of a thin-
film model. 
The complexity of the phenomena that are modelled render necessary the need for a 
step by step process, starting from less complex two-dimensional cases (and 
consequently less complex simulations) to more complicated three-dimensional cases 
(and consequently more computationally demanding and more complex simulations). 
This stepwise procedure is of fundamental importance in the validation of the 
computational model. 
Initially, as described in Section 7.2, axisymmetric, two-dimensional cases are 
simulated. In these simulations, the ability of the code to handle interfacial mass 
transfer is investigated. The energy equation is therefore not solved and the 
evaporation occurring at the lower surface of the droplet due to its proximity to a very 
hot surface is simulated by means of a constant mass transfer rate at the liquid-gas 
interface, manually adjusted throughout the simulation. This model is first applied to a 
droplet released from a small height with no initial velocity, generating an essentially 
sessile droplet. After the successful validation of the sessile droplet case, the model is 
extended to the case of a droplet impinging vertically, with a known initial velocity, 
onto a very hot wall. Again the vapour layer below the droplet, which sustains the 
droplet and prevents it from touching the hot wall, was simulated by means of an 
imposed vapour evolution rate at the interface of the droplet with the vapour as in the 
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case of the sessile droplet. This works well and gives good agreement with previous 
experimental results.  
The next stage is to simulate, in three dimensions, cases of a droplet impinging on a 
hot surface (Section 7.3). In this series of simulations, the energy equation is solved 
together with the Navier-Stokes equations everywhere in the computational domain. 
The vapour production at the droplet lower surface is simulated mechanistically and 
the mass transfer at the liquid-gas interface is a result of phase change (the droplet 
evaporates). Again, the case of the sessile droplet is initially simulated and the vapour 
layer predicted under the droplet is examined. This three-dimensional coupled 
hydrodynamics-heat transfer model is validated in two stages. The first stage includes 
the validation of the droplet dynamics during interactions with very hot surfaces. The 
calculated results are compared with experimental observations of droplet dynamics 
reported in the literature1 and the agreement is found to be very good. A parametric 
study is then conducted.  
For the validation of the heat transfer part of the model, the infrared measurements of 
the current study have been used (Section 7.4). These measurements are (to the 
present author’s knowledge) the only available measurements of the temporally and 
spatially varying temperature of the hot substrate under a non-wetting droplet. For 
this, the addition to the CFD model of the temperature response in the solid substrate 
where the droplet impinges was required. Section 7.4 also describes the computational 
modelling of the temperature response in the solid substrate where the droplet 
impinges; the objective is to calculate the temperature profile inside the solid as a 
result of the cooling by the non-wetting droplet. 
Finally, in Section 7.6 conclusions and future work are discussed. 
7.2 2D AXISYMMETRIC CASES 
The model described is used to simulate a water droplet impinging on a surface with 
minimal and then with significant initial velocity. In the first case, a droplet is 
released in very close proximity to a surface and in the second case it is released from 
a higher position. For the second case the deformation of the droplet is first examined 
and then a quantitative assessment is made of the maximum base radius obtained.  
                                                 
1 In these comparisons, literature data on droplet dynamics was used rather that the data reported in 
Chapter 4 since the information in the literature (though compatible with that reported in Chapter 4) 
covered a much wider range.  
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Modelling of the essentially sessile drop case allows comparisons to be made with the 
experimental measurements by Wachters et al. (1966) of the equilibrium vapour film 
thickness under a sessile drop, thus providing a valuable opportunity for the validation 
of the computational approach. 
The success of the sessile drop calculations allows extension of the model with 
confidence to the more demanding case of the impinging drop. Here the computed 
droplet behaviour is compared with results obtained by Biance et al. (2006) for the 
evolution of droplet shape, including their correlations of droplet size during the 
spreading phase  
7.2.1  Model 
The domain in both sessile and impinging droplet cases is assumed to consist of liquid 
(droplet) and gas (air). These fluids are assumed to be incompressible and immiscible. 
All the simulations employ an axisymmetric two dimensional fixed Cartesian grid 
with non-uniform grid spacing. The grid is refined in the regions of greatest interest; 
the droplet and the vapour layer below the droplet. The grid spacing in those regions 
is of the order of 0.04 mm. The water droplet radius is 0.89 mm and 1 mm 
respectively for the two separate cases simulated, with 44 and 50 grid points per 
diameter respectively. The average time step is around 1.5 μs. 
7.2.2 Sessile droplet 
7.2.2.1 Set-up 
The properties of the fluids are: The density ratio between the two phases 
is / 1662l gρ ρ =  and the viscosity ratio is / 280l gμ μ = . The surface tension 
coefficient is 0.058 N/m (water at 100oC). An issue in our study has been the 
definition of the initial droplet position and the shape of the droplet when evaporation 
starts taking place. In reality, as reported by Wachters et al. (1966), the droplet 
acquires a fairly flat bottom surface almost immediately after coming into close 
proximity to the hot wall. The Wachters experimental measurements provide the 
equilibrium rate of vapour generation and the equilibrium height of the droplet above 
the surface (but not the droplet shape). As noted, the code version used at this stage 
has only the capability to use a specified rate of generation of vapour, rather than 
compute it mechanistically (Chatzikyriakou et al. (2009)). In order to model the 
  Computational Results 
 
132
 
particular experimental case, the droplet is released (as a sphere) from an initial height 
50 μm above a solid surface. The computational domain, the spatial discretisation, the 
initial position of the droplet and the boundary conditions used are shown in Fig.7.1. 
 
                                                               outflow 
 
                                                                       
  
Fig.7.1. Set up of the computational domain for the sessile droplet case. 
 
The vapour generation rate is then adjusted manually until the droplet reaches an 
equilibrium shape at the experimentally-observed height. One indication of the 
goodness of the simulation is then given by near equality of the computational vapour 
generation rate required to achieve this (0.150 mm3/s) with the experimental vapour 
generation value (0.151mm3/s). 
Then, the same 0.89 mm radius water droplet is released, again with zero velocity at 
50 μm above the solid surface, but this time without any evaporation taking place. 
symmetry 
10 mm 
axisymmetry 
5 mm 
wall 
Computational Results 
 
133
This case is simulated to serve as a comparison between the evaporating and the non-
evaporating regimes in terms of droplet shape and wetting of the hot surface. 
For more details see Appendix B. 
7.2.2.2 Results 
In this simulation, the evaporating droplet is sustained by a vapour layer as observed 
in the experiment. The same droplet, when released at the same height with no 
evaporation, simply rests upon the solid surface, as would be expected. Fig.7.2 shows 
snapshots of the droplet shapes and positions in the two cases at a series of times. 
 
       
                                       
                0ms                                   4ms                                    8 ms                                   12ms 
 
Fig.7.2.Two-dimensional axisymmetric case of droplet introduced with zero velocity 
just above a solid surface. Solid line: Case where a 0.89 mm radius water 
droplet evaporates and the hot solid surface is sustained at 400oC. A vapour 
cushion can be observed below the droplet. Dashed line: A 0.89 mm radius 
droplet is introduced above a solid surface sustained at the same temperature 
as the droplet. No evaporation is present and the droplet slowly touches the 
solid surface.  
 
Fig.7.3 shows the variation through time of the vapour layer thickness beneath the 
droplet centre. As is seen, after about 7 ms, the film thickness takes on a value 
oscillating around about 30 μm. This is achieved with a vapour generation rate of 
0.150 mm3/s. The corresponding experimental values were 28.9 μm and 0.151 mm3/s 
respectively, indicating very good agreement. 
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Fig.7.3. Progress of the vapour layer thickness under the centre of the lower surface of 
a sessile droplet. Initially, the thickness exhibits oscillatory behaviour but 
eventually it settles between 20 and 40 μm. 
 
This provides good validation of the model adopted in this study. The mass transfer 
rate model used here, which applies a spatially and temporally uniform rate of vapour 
generation over the entire droplet surface, can satisfactorily reproduce the 
experimentally-observed behaviour of a 1 mm diameter water droplet resting on a 
solid at a high enough temperature for wetting to be inhibited (i.e. a dry wall contact). 
Whilst a more mechanistic model would of course compute the local vaporisation rate 
based on local conditions, the above results suggest that the predicted behaviour 
would not be very different from that predicted by the average values implicit in the 
present uniform vaporisation rate model. 
7.2.3 Impinging droplet  
Although it seems that the behaviour of a sessile droplet can be well-predicted, plainly 
the interaction of such droplets with walls does not involve phenomena as complex as 
those governing the impact of a moving droplet. These are of course the 
circumstances of interest in the reflood process, and we now turn to a study of such 
cases. 
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7.2.3.1 Set-up 
The initial two-dimensional axisymmetric simulation described here is for a water 
droplet of radius of 1 mm, as studied experimentally by Biance et al. (2006). The 
density and viscosity ratios between the two phases are as for the sessile droplet case. 
Evaporation is simulated with an imposed mass transfer model (as mentioned above), 
employing the same value of evaporation rate as for the sessile droplet. The 
computational domain and the spatial discretisation are the same as in the case of the 
sessile droplet (Fig.7.1). 
In the moving droplet case, the deformation processes are much more complex than in 
the sessile droplet case; the droplet hits the surface, spreads and then recoils due to 
surface tension forces.  
A range of impact velocities is then examined for this case. Direct comparison 
between the computational results and both the Biance et al. (2006) analytical model 
and the Biance et al. (2006) experimental data is made. 
7.2.3.2 Results 
The computation employing TransAT reproduces the shape of the droplet realistically. 
The computational results are compared in Fig.7.4 with the series of pictures shown 
by Biance et al. (2006). During the initial period, as the droplet spreads, the height of 
the vapour layer at the centre exceeds that at the periphery of the droplet. Gradually, 
the thickness of the vapour layer becomes uniform over the base of the droplet. The 
top of the droplet gradually falls until it reaches a height significantly lower than the 
rim. Then, the central part of the droplet starts doming up again and moving upwards. 
This procedure results in both the upper and the lower part of the droplet being lifted. 
The vapour layer acquires again a uniform thickness below the droplet. The droplet 
continues its upward motion and progressively gets longer and thinner. 
The time for which the droplet is in close proximity to the surface is approximately 
9 ms according to our simulation. This is in good agreement with the time of 11 ms 
measured by Biance et al. (2006). 
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Fig.7.4. Comparison between the two-dimensional axisymmetric simulation of a 1mm 
radius droplet impacting on a 300oC solid surface (We=11) and the 
experimental results of Biance et al. (2006), (We=10). The time interval 
between pictures is 1.8 ms. 
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In Fig.7.5 a comparison is shown of the results measured by Biance et al. (2006) with 
the predictions of the analytical model of Biance et al. (2006) and with the predictions 
of our simulation. Also shown is an empirical fit of our computed results. In the same 
figure, the experimental results presented in Chapter 4 are also shown for comparison. 
At low Weber numbers the agreement is excellent. As the Weber number increases, 
the simulation seems to slightly under-predict the experimental data; the computed 
droplet maximum radii are less than those observed. The results obtained by the 
simulation seem to match rather more closely the analytical model. The computed 
maximum radii scale with the Weber number to the power of 0.23. This is close to the 
0.25 of the analytical model. The experimental data scale with the Weber number to 
the power of 0.30±0.005. 
 
Fig.7.5. The maximum radius (Rmax) of an impacting water droplet as a function of  
the Weber number. Comparison between the present two-dimensional 
axisymmetric simulation and experimental results 1) of Biance et al. (2006) 
(2 mm diameter droplet, surface at 280oC) and 2) of the present study (2 mm 
diameter droplet, surface at 310oC). The analytical correlation proposed by 
Biance et al. (2006) is also plotted.  
 
The above results for both the sessile drop and the impacting drop gave good 
qualitative and quantitative agreement with measurements.  This good agreement 
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provides justification for the relatively simple uniform evaporation rate employed and 
provides a sound basis for extension to the mechanistic computation of heat removal 
from the hot surface during the interaction. 
7.3 3D CASES WITH HEAT TRANSFER: DROPLET 
DYNAMICS 
The next stage of the computational work presented in this thesis involves the use of a 
three-dimensional model, solving both the Navier-Stokes and now in addition the 
energy equation to compute mechanistically the evolution of vapour from the droplet 
surface. The bases of the model were presented in Chapter 6. The model is employed 
for the simulation of the impingement of non-wetting droplets on very hot substrates. 
Sections 7.3.1 and 7.3.2 describe the application of the model to the sessile and 
impacting droplet cases respectively.  
In all these three-dimensional simulations, the thin-film boundary condition presented 
in Chapter 6 is prescribed in the region smaller than the first computational node of 
the grid. Without this condition, the Level Set function representing the droplet-gas 
interface becomes smeared when coming very close to the wall. However, the vapour 
layer thickness generated under the droplet via evaporation is found never to become 
as small as this thin imposed layer; it has a minimum thickness of several cells. It is 
thus the mechanistically computed vapour layer and not the very thin layer imposed 
for numerical convenience that is supporting the droplet. 
One important feature in this simulation and in all subsequent simulations is the 
thermal boundary layer already present above the hot wall. For the computation of the 
profile of the thermal boundary layer, a single phase (only saturated vapour) 
simulation is conducted and the boundary layer profile can be seen in the form of the 
dimensionless temperature against the dimensionless distance from the hot wall. 
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Where T ∞ is the temperature of the saturated vapour far from the hot wall and thδ is 
the thickness of the thermal boundary layer as that is calculated in our simulation. 
 
Fig.7.6. Thermal boundary layer over the hot wall on which the droplet impinges. 
 
7.3.1  Sessile droplet 
For the sessile drop case, the (saturated) droplet is introduced at zero velocity to a 
locality close to the surface. For the simulations described here, a droplet of 1.15 mm 
radius is placed in proximity to a surface at 400 oC, mirroring the case studied 
experimentally by Wachters et al. (1966). The droplet evaporates mainly from the 
bottom and a thin vapour layer is formed between the droplet and the hot surface. The 
droplet ideally will rest upon this ‘vapour cushion’ and will go on evaporating from 
the bottom until it evaporates completely. Wachters et al. (1966) found that for the 
1.15 mm radius droplet this vapour layer thickness stabilises at 37.3μm.  
7.3.1.1 Model and Set-up 
The water droplet radius is 1.15 mm. The density ratio between the two phases is 
/ 1638l gρ ρ =  and the viscosity ratio is / 22.2l gμ μ = . The surface tension coefficient 
is 0.058 N/m (water at 100oC). The surrounding gas is saturated vapour. 
The droplet is released at 200 μm from the hot wall with zero velocity. The size of the 
computational domain in the x-, y- and z- directions is 6x4x6mm and the grid size is 
50x85x50. The grid is refined in the regions of greatest interest; the droplet and the 
vapour layer below the droplet. The grid spacing in those regions is of the order of 
8μm. The average time step was around 2 μs. The wall under the droplet is at 400 oC. 
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7.3.1.2 Results 
The droplet gradually moves towards the hot surface but at the same time vapour is 
generated from its lower surface and escapes from this narrow passage between 
droplet and substrate. The vapour generation rate per unit surface area (kg of 
vapour/m2s) is predicted by the computational model results which are presented in 
Fig.7.7 for the time, at which the droplet balances on a vapour layer.  
 
Fig.7.7. Evaporation rate at the bottom of a sessile droplet (kg/m2s) 
 
An overall image of the progress of the droplet shape and position in time is shown in 
section in Fig.7.8. 
In Fig.7.9, the variation with time of the vapour layer thickness under the centre of the 
droplet is shown. Though there are some fluctuations, the thickness of the layer 
becomes roughly constant after about 4 ms at a value of about 35 μm. This is close to 
the experimental value observed by Wachters et al (1966) and indicates the validity of 
the mechanistic heat/mass transfer model implemented in the computational 
algorithm. 
Finally, the temperature profile throughout the computational domain is presented in 
the form of contours for a slice in the three-dimensional geometry (Fig.7.10). 
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Fig.7.8. Sessile droplet progress in time (2, 4, 6, 8 ms presented here) 
 
 
Fig.7.9. Vapour layer thickness under a 1.15 mm radius sessile saturated water 
droplet. The layer thickness initially decreases as the droplet approaches the 
wall but then it becomes constant oscillating around 35 μm. 
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Fig.7.10.Temperature contours around a saturated water droplet evaporating near a 
400 oC surface. The temperatures are displayed in K. 
7.3.2 Impinging droplet 
In the computations for the impacting droplet described in this section, a solid 
substrate underneath the droplet is included in the computational domain. This allows 
the capture of the effect of the droplet cooling on the temperature of the solid. If this 
cooling effect in turn affects the progress of the phenomenon, this too will be 
captured. For the solid substrate, the Immersed Solid method described in Chapter 6 is 
being employed. The minimum grid size is similar to what is used for the three-
dimensional sessile droplet case but the computational domain size changes according 
to the needs of each computation. Calculations are done for droplets of various liquids 
in order to compare the predictions with experiments.  
7.3.2.1 Validation 
Anders et al. (1993) conducted experiments with ethanol droplets impinging on hot 
surfaces using a high-speed optical camera to observe the droplet behaviour during 
the interaction. Their experiments covered a range of impingement velocities and 
angles of approach. The measured velocity, before and after the impact, was presented 
as a function of the Weber number (based on the perpendicular velocity component). 
The Anders experiments were simulated in order to provide qualitative validation of 
the present computational model; the experimentally measured quantities are 
compared with the results of the simulations for a wide range of Weber numbers. 
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7.3.2.2 Qualitative comparison 
Initially, the present  simulations are compared with experimental data at a qualitative 
level. In Fig.7.11 an indicative case is shown for a medium Weber number (We=7), 
where a photographic record is compared with the simulation. The droplet fluid is 
ethanol and the surrounding gas is air. The predicted behaviour matches the 
observations. 
 
Fig.7.11.Qualitative comparison between experimental data (Anders et al. (1993)) and 
our simulated results (TransAT). The droplet size is 140 μm and the droplet 
velocity is 3 m/s. The approach angle is 30o.The Weber number here is 7. 
7.3.2.3 Quantitative comparison 
As shown by Anders et al. (1993) (and by numerous other researchers) the droplet 
velocity component parallel to the wall does not seem to change greatly after impact. 
Its value after the impact is found to be 0.9-0.95 of its initial value, for all Weber 
numbers. The perpendicular component of the droplet velocity, however, changes 
significantly as a result of the interaction. The extent of this change depends on the 
droplet diameter and the droplet angle of approach; again, the Weber number can be 
used to express this dependence. Fig.7.12 shows the dependence of the ratio of 
droplet perpendicular velocity before and after impaction on the Weber number; this 
graph shows both the experimental results of Anders et al. (1993) and the results from 
the present simulations. In the simulations the droplet sizes ranged from 90 μm to 2 
mm, speeds ranged from 1.2 m/s to 35 m/s, and approach angles from 5o to 90o. The 
fluids are ethanol and air. 
As shown in Fig.7.12, as the Weber number increases to about 15, the fractional 
reduction in perpendicular velocity increases. This fractional reduction seems to 
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change little with further increase in We beyond ~15. Good agreement between the 
CFD model and the experimental measurements is observed. 
 
Fig.7.12.Ratio of normal droplet velocity component after and before the interaction 
against Weber number. Several droplet sizes and velocities were simulated. 
Good agreement between the predictions using the TransAT code and the 
experimental measurements of Anders et al. (1993). 
7.3.2.4  Parametric study 
Effect of droplet size: The droplet size seems to play a vital role in the dynamics of 
the impact of the droplet with a surface sustained at a temperature higher than that 
required for a dry drop-wall interaction. Big droplets disintegrate more easily, even at 
a low velocity. In Fig.7. 13, and Fig.7. 14 simulations of water droplets impinging at 
20o and undergoing dry drop/wall impactions are shown for 2 mm and 200 μm 
diameter droplets respectively. The velocity is 1.2 m/s in both cases. The Weber 
numbers are 0.5 (small drop) and 5 (large drop) respectively. The small droplet retains 
a broadly spheroidal shape throughout the interaction, whilst the big droplet spreads 
and becomes quite convoluted, and seems to be on the verge of breaking-up. 
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Fig.7. 13. 2 mm drop, 20o, initial velocity 1.2 m/s 
 
Fig.7. 14. 200 μm drop, 20o, initial velocity 1.2 m/s 
 
Effect of angle of approach: Relatively few experimental data are available in the 
literature for non-normal interactions and only one for the very shallow angles likely 
to be of most interest to reflood. As suggested by Yao and Cai (1988) (already 
discussed in Chapters 2 and 4), when small angles of impingement are considered, the 
tangential velocity component seems to play a vital role in the hydrodynamic 
behaviour of the droplet and consequently in the heat transfer mechanism. The droplet 
slides along the hot surface for a larger distance, and stays in close proximity for a 
larger period of time, as the approach becomes more oblique. For a typical case of a 
200 μm diameter water droplet, the cases of several (fairly large) angles of approach 
were simulated. Here, Fig.7.15 shows the behaviour for three cases of impact (90o, 
60o and 20o). As is seen, for the 20o case, the droplet remains in close proximity to the 
surface after 8 ms, whereas close proximity ceases for the 90o and 60o cases after 5.5 
and 6 ms respectively. 
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Fig.7.15.Simulated results. Water droplets impinging at various angles on a surface 
and undergoing dry wall interactions. The vertical and the 60o impact are 
similar. When small angles of impingement are considered then the 
behaviour is different. Here, the Weber numbers are 4, 3 and 0.5 from top to 
bottom. The droplet diameter is 200 μm. 
 
The time and distance in the direction of travel during and over which the droplet 
remains in close proximity to the surface are shown in more detail in Fig.7.16 for a 
wider range of angles extending down to just 5o from the surface for a particular 
sample drop (200 μm, 1.2 m/s approach speed). 
The maximum spreading of the droplet during the interaction, the period of close 
proximity to the wall and the distance it travels while close to the wall can be studied 
effectively only for droplets that do not disintegrate. For droplet break-up cases, the 
droplet splits into smaller ones and then it is those smaller droplets that need to be 
studied. 
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Fig.7.16.Spreading of the droplet, time of proximity and distance it travels close to the 
wall as a function of angle, for a 200 μm droplet with initial speed 1.2 m/s. 
These are simulations with TransAT. 
 
For small angles of impingement, as in the reflood phase, the situation is different and 
the droplets are expected to impinge on the rod at angles of 5o or less. Nevertheless, 
because of the high axial velocity in the reflood case, these droplets impinge on the 
hot rod at high Weber numbers.  
For completeness, the transient associated with a droplet impinging on a 400 oC solid 
substrate at an angle of 10o is shown in Fig.7.17. Apart from the droplet shape, the 
formation of a vapour layer under the droplet can be observed as can the evaporation 
rate contours at the lower surface of the droplet. 
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Fig.7.17.Droplet impinging on a 400 oC solid surface at 10o. The droplet slides along 
the wall for a time period of approximately 11 ms and travels a distance of 
11mm. The evaporation rate (kg/m2s) is also shown here. 
 
7.3.3  Droplet disintegration upon impingement 
The issue of droplet breakup is addressed in this section. For a given perpendicular 
Weber number (i.e. the Weber number defined and used in this study) it is of course 
the case that as the angle of approach becomes more oblique, the droplet speed 
increases sharply. The energy of the interaction, the shear stresses generated in the 
thin vapour layer between the droplet and the plate and the shear stresses between the 
slow-moving boundary layer vapour and the droplet, are all large. All these factors 
tend to encourage the breakup of the droplet. This is captured in the simulations, as is 
seen in Fig.7.18, where the two cases of a 200 μm water droplet in saturated steam 
environment approaching the surface at 5o with Weber numbers of 35 and 0.3 
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respectively are presented. The high velocity droplet disintegrates upon impingement 
whereas the low energy droplet retains a spherical shape without spreading. 
As for perpendicular approaches, there is a critical Weber number above which the 
droplet disintegrates upon impingement, and this value varies with the angle of 
approach. 
 
Fig.7.18.Upper case: Droplet with Weber number equal to 35, Lower case: Droplet 
with Weber number equal to 0.3 
 
The experimentally generated correlation of Yao and Cai (1988), (Eq. (7.3)) correlates 
the critical Weber number with the angle of approach, down to the shallow angles of 
likely interest in reflood. This is shown in Fig.7.19.  
 
 We 212.89 0.85 0.0053θ θ= + −  (7.3) 
 
 
According to that correlation, the smaller the angle of approach is, the smaller the 
critical (perpendicular) Weber number. For small angles, the tangential velocity 
component comes into play, as might be expected. In Fig.7.19 critical Weber numbers 
for disintegration obtained from a series of TransAT simulations are compared with 
the experimental data of Yao and Cai (1988); good agreement is obtained.  
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Fig.7.19. Effect of angle of approach on the disintegration of the droplet. It is obvious 
that for small angles of impingement the droplet disintegrates at a lower 
Weber number. Good agreement between experiments and the present 
simulations. 
 
Having established that the hydrodynamics are well represented, the next step is to 
validate the heat transfer model so that a self consistent model of the entire process 
can be generated.  
7.4 3D CASES WITH HEAT TRANSFER: THERMAL 
ENERGY EXCHANGE 
In this section, the heat transfer capability of the computational model is discussed 
and the results for the validation of the model against the experimental data presented 
in Chapter 5 are presented. In Section 7.4.1 results for the vapour layer formation 
under a droplet impinging on a very hot surface at an angle and at low velocity are 
presented. Section 7.4.2 presents comparisons of the experimental data with results 
calculated by the model and also presents calculations of the heat extracted by a single 
water droplet from a hot wall for two different substrates. 
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7.4.1 Vapour layer thickness 
As is shown in Section 7.3, the hydrodynamics of the droplet impingement process 
are successfully captured by the present computational model. The interfacial 
evaporation capability is now tested via the simulation of a water droplet (1.5 mm in 
diameter) impinging on a wall sustained at 400 oC. The droplet impinges on the wall 
at 45ο from the left hand side to the right hand side. The surrounding gas is air at 
atmospheric conditions and the droplet is at 50 oC. The thermal boundary layer is 
again prescribed as an initial condition (Fig.7.6). 
The minimum grid size has been of the order of 10 μm refined in the regions of higher 
interest (droplet and vapour layer). Again, the symmetry boundary condition is used 
for all the boundaries of the domain except for the wall below the droplet (where the 
Immersed Surface is introduced) and the upper part of the computational domain 
where the outflow condition is prescribed. The reason for this is that the vapour 
generation due to the droplet evaporation increases the gas volume in the 
computational domain. To ensure that mass is properly conserved inside the domain, 
an amount of gas has to leave the domain. The simulation was run on an 8-processor 
workstation and took approximately 2 days (using OpenMP as described in Chapter 
6).  
The temperature contours of a droplet at its maximum spreading and of the 
surrounding gas are presented in Fig.7.20. The thin vapour layer under the droplet can 
be observed. The thickness of the layer is higher in the middle and lower in the sides 
of the droplet lower surface. The maximum thickness of the layer is approximately 
30 μm.  
7.4.2 Validation 
The final and the most important stage of the computational study was the comparison 
of the experimental results, described in Chapter 5, with the results of a numerical 
simulation of a droplet impinging with the same characteristics (diameter, initial 
velocity, angle of approach and substrate characteristics). In this way, direct 
comparison can be obtained and the computational model can be tested very 
effectively.  
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Fig.7.20.Temperature contours (displayed in K) of a water droplet impinging at an 
angle of 45o on a 400 oC surface. The vapour layer under the droplet can be 
observed. 
 
In the subsequent sections, the computational set-up of the model is discussed and 
then the results are presented and compared with those of the experiment.  
Due to the high computational cost, the period for which the simulations have been 
running amounts only to 1/3 of the period of the experimental observation. However, 
this period is enough to establish the validity of the model, as the period covered 
encompasses all the most intensive interaction. 
7.4.2.1  Model and Set-up 
In order to reproduce the experiment numerically, the characteristics of the droplet, 
the surrounding gas and the solid substrate have to be identical to that of the 
experiment. Therefore, the droplet diameter is 1.5 mm, the droplet temperature is at 
50 oC and its velocity is at 0.53 m/s. The angle of approach is 45o. The substrate used 
here is calcium fluoride. The aluminum coating is neglected as its thickness is only 
0.1μm and it hardly plays any role in the thermal processes taking place during the 
transient. The calcium fluoride substrate is initially at 400 oC. The surrounding gas is 
air at atmospheric conditions with the thermal boundary layer prescribed as shown in 
Fig.7.6. 
The computational domain size is 8x4x5mm. In this domain, the solid substrate is 
included with a thickness of 800 μm. The grid size is 50x80x35 refined in the regions 
of interest to a minimum size of 20 μm. Two coarser meshes have been tested and the 
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chosen one seems to perform very well given the computational limitations that are 
imposed by the computational cost. The average time-step is 1 μs. 
The boundary conditions are as before. Symmetry is applied in all boundaries and 
outflow is applied on the top boundary. Instead of having a wall boundary condition 
under the droplet, where the solid substrate is, the actual solid is prescribed by means 
of the Immersed Surface technique described in Chapter 6. 
7.4.2.2 Results 
By solving the coupled three-dimensional flow-heat transfer problem, an overall 
image of both the hydrodynamics and the heat mechanism during the droplet 
interaction with the solid substrate can be obtained. More specifically, the droplet 
impingement stages can be associated with the heat transfer transient inside the 
substrate. In Fig.7.21 the temperature contours in a section can be observed for both 
the experiment and the numerical experiment described here. The maximum thermal 
penetration depth observed from the post-processing of the experiment is slightly less 
than 400 μm. In the numerical simulation, for the same time period, the thermal 
penetration depth is of the order 500 μm. 
The temperature and the heat flux contours on the upper surface of the solid substrate 
are presented in Fig.7.22 and Fig.7.23 for the experiment and for the numerical 
simulation respectively at t=4 ms. It is obvious that the numerical model shows 
symmetry around the x- axis whereas the experimental results do not. That is due to 
the fact that in the experiment, the surface where the droplet impinges on, even 
though it is smooth, it cannot be as ideal as in a numerical simulation. 
However, the temperature distribution is seen to be predicted very well by the 
computational model. The same applies to the heat flux profile, though the computed 
values seem to overpredict the experimental ones by a small fraction; perhaps not 
surprisingly, with it being essentially the gradient of the former quantity. 
The experimentally observed maximum temperature drop was around 47 oC and the 
one predicted by our numerical simulation is of the order of 53 oC. These results along 
with the similar temperature contours presented in Fig.7.22 confirm the validity of the 
computational model. 
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Fig.7.21.Sectional view of the temperature contours corresponding to the experiment 
(above) and to the numerical simulation (below). The thermal penetration 
computed by the numerical model is very close to the experimentally derived 
one.  
 
The maximum heat flux computed from the experimental data was found to be of the 
order of 3.5 MW/m2. The numerical simulation predicted a higher heat flux 
(5 MW/m2). Despite that, the heat flux profile appears to be very similar in both cases 
(experiment and simulation) which is very encouraging as it provides validation for 
the computational model. 
400μm 
500μm 
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Fig.7.22.Top face (y=0) temperature contours for t=4ms. Comparison of experiment 
and numerical simulation. The temperature is expressed in K. The maximum 
temperature drop observed experimentally is of the order of 47 oC. The 
numerically predicted one is around 53 oC. 
 
Fig.7.23.Top face heat flux contours for t=4 ms. Comparison between experiment and 
numerical simulation. The heat flux is expressed in W/m2. The maximum 
heat flux observed experimentally is of the order of 3.6MW/m2. The 
numerically predicted one is around 5MW/m2. 
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The maximum temperature drop and the maximum heat flux predicted by the model 
can be seen in Fig.7.24 and Fig.7.25 respectively set in the context of the 
experimental measurements as those were presented in Chapter 5. The agreement is 
very satisfactory. 
 
Fig.7.24.Transient temperature profile for 4 points in the droplet-cooled region of the 
disk. TransAT simulation results for point 1 are also presented in the same 
figure. The temperature recovers much faster in the simulation than in the 
experiment but the prediction of the maximum temperature drop is very 
good. 
 
Fig.7.25.Transient heat flux profile for 4 points in the droplet-cooled region of the 
disk. TransAT simulation results for point 1 are also presented in the same 
figure. The maximum heat flux predicted by the code is higher than that 
computed by using the experimental results. 
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Finally, the heat extracted by the interaction of a single droplet corresponding to our 
experimental conditions is computed from this simulation. It appears that in the 
simulation, the heat flux reaches a higher value very early and then it drops quite 
soon. The heat loss from the hot calcium fluoride surface has been computed from the 
experimental results in Chapter 5 and it was found to be around 0.19±0.038J. This 
heat loss corresponds to a time period of 40ms. In our simulation, the heat loss has 
already reached almost its final value of 0.11J after 12ms (Fig.7.26). This difference 
between experiment and simulation can be due to several reasons. The droplet in our 
simulation seems to leave the hot surface sooner than in the experiment and it also 
covers a smaller area of the substrate upon impingement. That could be due to a 
slightly different velocity in the experiment than the one prescribed here (velocity 
uncertainty of 6%). 
 
Fig.7.26.Accumulated heat loss per droplet-wall interaction. The comparison between 
experiment and simulation is shown here.  
 
A broad observation is that the amount of heat extracted by the droplet in our 
simulation is close to that extracted in the experiment for the time period of 12 ms. 
Further numerical simulations have to be conducted with conditions covering the 
whole range of the experimental uncertainty. However, these initial results seem very 
encouraging. 
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7.5 APPLICATION TO REFLOOD CASES  
As already discussed in Chapter 5, the purpose of validating the computational model 
is to be able, then, to simulate more complex cases, very similar to those likely to 
occur during the reflood phase after a LOCA. The overall heat loss due to a single 
droplet is computed based on experimental observations and then on numerical 
simulations. Obviously, the heat transfer from a droplet impinging on a calcium 
fluoride substrate is of no interest to a study regarding reflood. The heat transfer is, of 
course, different when the droplet impinges on a metal substrate like Zircaloy 
(conductivity 21.5 W/mK), which is what is used as the cladding material for the 
nuclear reactor fuel rods. 
Some preliminary work in that direction has been done readily using the present 
numerical model. Keeping all the other conditions identical to those used for the 
calcium fluoride case, but introducing the properties of Zircaloy as appropriate, 
calculations were conducted of the heat extracted by a droplet impinging on a 
Zircaloy surface and are presented in Fig.7.27.  
 
 
Fig.7.27.   Accumulated heat loss per droplet-wall interaction for Zircaloy. The rest of   
the conditions are kept the same as those in our experiment.  
 
It appears that the heat loss is much less than in the case of calcium fluoride. The total 
heat loss is of the order of 0.033J over a period of 10ms and this value appears to be 
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very close to the final value of the heat loss. Despite the fact that further numerical 
tests have to be conducted, the reduced heat loss from a metal surface (as compared to 
calcium fluoride) due to the droplet proximity to it is illustrated by these results. 
7.6 CONCLUSIONS  
A series of simulations employing the computational algorithm TransAT© have been 
presented in this Chapter. Firstly, two-dimensional axisymmetric calculations have 
been presented of both a sessile and an impinging droplet with evaporation at the 
droplet-gas interface imposed as a constant value. The hydrodynamics were 
reasonably reproduced and the thickness of the vapour layer was in good agreement 
with previous experiments. 
Then, a series of three-dimensional simulations where presented where the energy 
equation was solved and the evaporation rate was computed mechanistically. The 
validation of the code ability to perform such complex simulations was exhibited in 
two stages. Initially, the droplet dynamics were validated and then the heat transfer 
model was also tested showing encouraging results. 
Finally, the amount of heat extracted from a solid surface likely to be present in 
reflood was computed. This amount seems to be in good agreement with the heat loss 
predicted from the analysis presented in Chapter 3. 
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CHAPTER 8 
CONCLUSIONS 
 
 
 
 
 
 
 
8.1 DISCUSSION 
The aim of this work was to study both the dynamic behaviour and the cooling 
effectiveness of non-wetting droplets impinging on hot solid surfaces. This 
phenomenon was studied experimentally, computationally and analytically. The 
motivation was the understanding of the heat transfer regimes and mechanisms during 
the reflood phase in a Pressurised Water Reactor (PWR).  
The first step in the work (as reported in Chapter 3 of this thesis) was to use existing 
information to estimate the likely contribution to heat transfer from the hot fuel 
element resulting from the impingement of non-wetting droplets. This approach 
employed previous correlations extended and modified for the needs of the specific 
study. These correlations focused on the hydrodynamic behaviour of the impinging 
droplet and related this behaviour to the droplet heat transfer. The amount of heat 
extracted per droplet was estimated to be of the order of 0.05 J for a droplet of 
1.15 mm in radius approaching the hot metal surface at a low speed. The amount of 
heat extracted by this droplet would increase with an increase in the droplet velocity. 
Then, the rate of droplet-wall interactions was estimated by using well established 
correlations and applying those for typical reflood conditions. Combining the 
estimated rate with the single droplet heat transfer computations, the heat flux 
attributable to direct droplet-wall interactions during reflood in the dispersed flow 
regime was found to be of the order of 2.5 kW/m2. The calculated flux was a 
significant fraction of the expected flux to the single phase superheated steam in 
which the drops were suspended and this justified the more detailed studies of droplet-
hot wall interactions which were carried out by the present author and reported in this 
thesis.  
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The scope of the experimental study presented here was the measurement of the heat 
extracted by the close approach to a hot surface of a single, non-wetting droplet. The 
main experimental difficulties stemmed from the small size of the droplets, the brevity 
of their stay near the wall, and the correspondingly small amount of heat they extract 
during this period. By means of a high speed optical camera the droplet dynamics 
upon impingement were observed and the conditions under which the droplet 
disintegrates upon impingement were found. Other parameters such as the droplet 
maximum spreading and the droplet loss of momentum upon impingement were 
investigated experimentally. 
Then, by using advanced infrared technology, the temperature of the surface area 
under a non-wetting droplet was recorded. An infrared transparent disk coated on the 
droplet-side with a very thin (0.1 μm) layer of aluminium deposited by vapour 
deposition was used. This rendered the surface opaque to infrared. The body of the 
disk (CaF2) was infra-red transparent, allowing the temperature of the aluminium 
layer to be observed by the high-speed infra red camera positioned below. Several 
angles of droplet approach were used and it became apparent that the smaller the 
angle of approach (shallow approach) the smaller the temperature drop caused by the 
droplet to the hot surface underneath. A transient finite element method was then 
used, with these measurements as boundary conditions, to solve the three-dimensional 
transient problem. This allowed all thermal quantities of interest, such as the thermal 
penetration depth, the detailed temperature perturbation, the surface heat flux and the 
total amount of heat extracted by the droplet to be obtained with very good accuracy. 
A water droplet of 1.5 mm in diameter caused a maximum temperature drop of 47 oC 
and locally the heat flux reached values of more than 1 MW/m2. The amount of heat 
extracted was found to be around 0.2 J. These experiments were the first to employ a 
high accuracy spatial and temporal measurement of the transient temperature profile 
under the non-wetting droplet.  
Finally, the advanced CMFD algorithm TransAT© was used with the addition and 
implementation of phase change capability for the simulation of the phenomenon of 
non-wetting droplets impinging on hot surfaces. The code employed the Level Set 
method for the capturing of the interface between the droplet and the surrounding gas. 
The Level Set method was also used for the representation of the solid substrate upon 
which the droplet would impinge. The Navier-Stokes equation were solved 
everywhere in the domain.  
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Following initial axisymmetric modelling, and fixed mass transfer rate model for the 
evaporative heat transfer, a fully mechanistic, first principles three dimensional model 
was employed to simulate the behaviour of a droplet bouncing from a hot surface. The 
energy equation was solved everywhere in the computational domain (solid, liquid, 
gas). The model was validated against previous experimental studies. Firstly, the 
goodness of the droplet dynamics predicted by the code for the range of cases 
considered in this study was confirmed. Then, the heat transfer model was validated 
against our experimental data and the agreement was found to be reasonable.  
8.2 CONCLUSIONS 
The work discussed in the previous section concludes in the following: 
• The experimental methods developed as part of this work are well able to measure 
the temperatures of interest during the very brief and localised interaction of a 
non-wetting droplet and a hot surface. The subsequent computational post-
processing is able to determine from these measurements quantities such as 
surface heat flux, and thermal energy extracted. Reasonable estimates of the 
uncertainties in these measurements indicate that surface temperature reductions 
are probably measured to an accuracy of about 4 oC of the approximately 47 oC, 
and that the total heat extraction is probably computed to within 15% of the 
measured values, which are of order of 0.19 J. The experimental results reported 
here include, for the first time, the detailed spatial and temporal variation of the 
surface temperature of the substrate beneath the bouncing droplet. Surface 
temperature measurements with a spatial resolution of 100 μm, and a temporal 
resolution of 4 ms, have been achieved. The associated measurements of the 
hydrodynamic behaviour of the droplet have allowed the correlation between the 
hydrodynamic behaviour and the heat transfer to be interpreted. Direct comparison 
with earlier literature is not possible, as earlier literature reported less detailed 
results, but for such comparisons as are possible, these present measurements are 
generally in agreement. 
• An advanced interface-tracking CFD model has been successfully developed and 
applied to the modelling of non-wetting droplet interactions. The hydrodynamic 
behaviour predicted by this model has been seen to exhibit a good consistency 
  Conclusions 
 
164
 
with the hydrodynamic observations made in this work, and with earlier reported 
observations. 
• The interface-tracking model also incorporates, it is believed for the first time, a 
fully mechanistic treatment of the fluid mechanics and thermal behaviour. In 
particular, this work has made use of a mechanistically modelled vapour layer 
beneath the droplet, with that vapour layer generation being computed 
mechanistically from the evaporation of the droplet lower surface. 
• This CFD model has been used to compute the thermal conditions during the 
interaction. It has been possible to make direct comparison of these thermal 
conditions with the thermal conditions measured in the experiments, using the 
experiments to help the process of model validation. It is concluded that the CFD 
model is able to make good predictions of the thermal exchange, with temperature 
reductions beneath the droplet typically within 6 oC (of 53 oC), and heat fluxes and 
energy loss within 35%. 
• The actual heat transfer under such conditions depends highly on the droplet 
impingement rate on the fuel rods and therefore on the exact flow conditions. 
Additionally, the droplet size distribution is expected to play a vital role in the 
whole process. The uncertainty associated with the droplet impingement rate as 
well as the droplet number density is quite high. Here, the estimate of the 
interactions per second was derived from earlier correlations with quite different 
droplet number densities and thus must contribute to the uncertainty of this 
analysis. Given that relatively high uncertainty for the droplet-wall rate of 
interactions, computations have been made in order to estimate the heat 
attributable to such droplets. There are grounds for believing that a significant 
increase in cooling, beyond that provided by a single-phase vapour heat transfer 
might be obtained during the precursory cooling period of reflood. 
8.3 FUTURE WORK 
For PWR reflood, the application that provided the motivation for our study, oblique 
impact is likely to be of greatest interest. An extension of the present work into a 
deeper exploration of oblique impact cases would be desirable. 
There are other parameters which have a significant influence on droplet behaviour 
which it has not been possible to explore. In particular, the issue of surface roughness 
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would be very interesting to study experimentally, and to incorporate into the CFD 
modelling. 
All the work to date has used room temperature air as the gas phase. For the reflood 
application, high temperature (superheated) steam will be the actual fluid. The 
validation of the CFD model that we have been able to perform provides some 
confidence in its ability to model this case, but actual experiments would be very 
beneficial. 
The addition of a radiative heat transfer capability to the computational model is in 
hand. This will render the simulation of higher temperature cases possible since then 
radiation seems to play a vital role in the heat transfer mechanisms. 
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APPENDIX A 
 
EXPERIMENTAL  
 
 
 
 
 
 
A.1 Infrared camera 
The IR camera used in this study is the FLIR ThermaCAM SC3000 that has a thermal 
sensitivity of 20 mK at 30oC, an accuracy of 1% or 1oC for temperatures up to 150oC 
and 2% or 2oC for temperatures above 150oC. The GaAs, Quantum Well Infrared 
Photon FPA detector has a spectral range of 8–9 μm centred in one of the two 
atmospheric ‘‘windows’’ with a resolution of 320 x 240 pixels and is Stirling cooled 
to 70 K. The system provides automatic atmospheric transmission correction of 
temperature based on input distance from the object, atmospheric temperature and 
relative humidity. The field of view at minimum focus distance (26 mm) is 10 x 7.5 
mm and the instantaneous field of view (IFOV) is of 1.1 mrad. A continuous 
electronic zoom (1–4 times) is also provided. The system can acquire images in real 
time or at high speed (up to 750 Hz) with a reduction of the picture size so that each 
frame contains more than one image. The images grabbed are transferred to a 
dedicated PC with specially built ThermaCAM research software (by FLIR Systems). 
The spatial resolution of the system depends essentially on the IR camera spectral 
range (8–9 μm for the camera used), the IFOV of the camera and the microscope lens. 
However, the limit of the camera spectral range and the IFOV cannot be lowered 
whatever the lens magnification is. Each frame sequence is also exported as a data file 
for further use. 
A.2 Choice of infrared transparent disk material 
For experiments described in Section 5, a careful selection of materials and methods 
had to be conducted. The main issue has been the material of the disk where the 
droplet would impinge on since it had to comply with certain requirements. The 
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candidate materials were considered because of certain characteristics. Those were the 
following: 
- high transmission in the spectral range of the thermal camera used 
The SC3000 thermal imager operates only in a short wavelength range (8-
9μm). 
- good thermal properties which means high thermal diffusion coefficient 
and high maximum operation temperature  
It is essential that the disk will be heated to very high temperatures without 
failure or melting. 
- good mechanical properties  
The disk has to be able to withstand thermal shock as well as the thermal 
stresses introduced by the heating. 
- behaviour with water 
The material should not be water soluble. 
The final selection of the disk material is a compromise between those four factors. A 
table with the candidate materials is shown below. 
BaF2 and CaF2 seem to be the most appropriate materials as they have they highest 
transmission percentage in the wavelength region of interest. BaF2 seems to be 
susceptible to thermal shock. This means that this material has to be heated up very 
gradually in order to avoid high temperature gradients that would lead to the initiation 
of a crack. The droplet impingement could also be a reason responsible for thermal 
shock in a BaF2 disk. This is something that has to be observed rather than estimated. 
It depends on the temperature drop during the droplet impingement as well as on the 
duration of the phenomenon. This is why initial experiments have been done using 
BaF2 disks. The disks were heated up to 250oC and a water droplet (much bigger than 
the ones considered) was released. The BaF2 cracked. A tiny crack was created and 
then propagated along the whole disk diameter. Then, CaF2, which has a lower 
transmission percentage but is much more resistant to thermal shock, was considered. 
After being tested in the same conditions it did not crack. This has indicated that this 
material is the most appropriate to be used. Neither material has very good thermal 
properties. However, the materials that seem to satisfy that criterion (good thermal 
properties) cannot be used in high temperatures and/or have low transmission. 
Therefore, the material that satisfied most of our criteria is CaF2 (calcium fluoride) 
and this is what was used in our experiments. 
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Table A.1. IR-transparent materials considered for use with a 8-9 microns spectral 
range infrared camera for the purpose of the experiments presented in this thesis 
Material 
αth 
x106 
(m2/s) 
Tmax (oC)
Transmission 
range 
(μm) 
% transmission
in 8-9 microns Other comments 
BaF2 5.85 
500 
(melting 
point 1386)
0.15-12 94 thermal shock  problems 
CaF2 3.58 
600 
(melting 
point  
1360) 
0.13-9 90-94  
CsI 1.21 
621   
(melting 
point) 
0.25-55 90 very soft and pliable 
GaAs 25.09 
1511 
  (melting 
point) 
1.00-16 52  
GLS 19.18 
830  
 (melting 
point) 
0.50-10 75  quite expensive 
Ge 35.45 
936   
(melting 
point) 
1.80-23 48 becomes opaque  above 77oC 
ZnS  (FLIR) 8.73 
250  
 (oxidizes 
at 300oC) 
1.00-13 72 cannot be used at high temperatures 
KCl 4.98 
400 oC 
 (melting 
point  771)
0.25-20 92 soluble in water 
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APPENDIX B 
 
NUMERICAL 
 
 
 
 
 
 
B.1 Two-dimensional axisymmetric case of a sessile droplet 
In the two-dimensional axisymmetric cases described in Chapter 7, as it was already 
stated, the evaporation at the droplet-gas interface was defined as a constant value by 
the user of the computational algorithm. The model, at that time, did not have the 
capability to compute mechanistically quantities such as the evaporation rate due to 
phase change. That is a capability introduced at a later stage and is described in 
Chapter 6 in detail. 
Here, the progress of the vapour layer is shown in Fig.B.1. Then, the pressure profile 
at the droplet lower surface is shown in Fig.B.2. 
The full simulation of the droplet interaction with the hot surface, as stated above, 
allows the study of the vapour behaviour under the droplet bottom. Since in those 
initial simulations, there are no temperature or heat flux calculations conducted and 
the evaporation rate is imposed by the user arbitrarily, only the pressure and the 
velocity contours of the vapour below the droplet bottom can be studied. In Fig.B.3, 
the velocity contours of the whole computational domain are presented. The droplet 
seems to have no velocity after the equilibrium stage has been reached. The vapour 
production, although lower, is still obvious as the horizontal velocity of the vapour is 
significant. 
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Fig.B.1. The vapour layer thickness as a function of the distance of the centre of the 
droplet bottom is presented. 2D axisymmetric case.  After oscillating, the 
droplet obtains a flattened lower surface. 
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Fig.B.2. Pressure profile as a function of the distance of the centre of the droplet 
bottom is presented. 2D axisymmetric case.  Pressure keeps decreasing as the 
evaporation rate decreases. Gradually, the droplet bottom acquires a uniform 
pressure profile. 
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                                            (a)                                           (b) 
Fig.B.3. Velocity contours after 8.6 ms have elapsed. (a) U velocity profile. There is 
still significant vapour production under the droplet bottom. (b) V velocity 
profile. The vertical velocity of the droplet is nearly zero as the droplet keeps 
being sustained by the vapour production. 
 
 
B.2 Grid independence and mass conservation study for oblique 
impact case 
 
The numerical details of the most complex of all cases simulated (presented in 
Chapter 7.4) within this study are analysed here. The computational grid employed for 
the study and the mass conservation during the simulation are discussed.  
Initially, several grids are tested. It is important that the droplet shape is represented 
well in a grid-independent manner. The same applies to the computed quantities. 
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However, since such computations are very demanding, the grid was mainly refined 
in the area underneath the droplet where there was need for adequate resolution of the 
thin vapour layer.  
The main way to judge whether one has reached grid independence is by plotting 
certain quantities such as pressure (in order to check whether the hydrodynamics are 
well represented) and temperature (in order to check the heat transfer mechanism 
computation correctness).  
In the present study, the difficulty on the simulations was regarding the correct 
computation of the temperature profile throughout the domain but mainly underneath 
the droplet and through the solid substrate which was being cooled due to the droplet 
impingement. 
Since that is a transient, three-dimensional problem, checking the grid independence 
for specific points or locations would be a very tedious process. We simply check the 
overall heat extracted due to the droplet impingement on the hot surface. By checking 
this quantity, we are checking simultaneously the droplet spreading, droplet time of 
proximity and also the heat transfer calculation. In other words, we are checking at the 
same time both the hydrodynamics and the heat transfer performance for a certain 
grid. The heat transfer is what we are primarily interested anyway in our 
computations.  
Several grids have been used. Below one can see the four best performing grids. All 
four grids gave very similar results but we chose to keep for our simulations the one 
that provided us with more information about the domain under the droplet and at the 
same time was not very expensive computationally. That was grid C. 
Grid A: 50x50x35   
Grid B: 50x65x35 
Grid C: 50x80x35  
Grid D: 50x90x35 
The performance of all four grids can be seen in Fig.B.4. Grid A seems to overpredict 
the results whereas grid B seems to predict the results in a better way. Grids C and D 
give very similar results and therefore we keep grid C which is less expensive. 
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Fig.B.4.Grid independence study for four grids based on the amount of heat extracted     
per droplet. 
 
As already mentioned in Chapter 6, the module that was used for the mass 
conservation within the computational domain was a local-global one. This 
mechanism seems to perform rather well even for such demanding cases where 
vapour generation takes place due to phase change.  
To quantify the error in mass, here, we choose the gas volume as that was computed 
in the simulation presented in Chapter 7.4 and for the final grid chosen as described 
above. In Fig.B.5 the normalised error in gas volume throughout the simulation is 
presented. Where the normalised error denotes the following ratio: 
 
 
( ) ( )
( )
exp
exp
ected gas volume actual gas volume
ected gas volume
−
 
 
It can be seen in Fig.B.5, the normalised error in gas volume is extremely small. This 
allows us to be sure that there are not mass conservation problems in our 
computations. 
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Fig.B.5.Normalised error in gas volume for the case of Chapter 7, section 7.4.  
